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This monograph is the first attempt at a systematic presentation of 
material on the technique of shaping high-voltage nanosecond pulses. A con- 
siderable portion of the book is made up of ths authors’ works started at 
the high-voltage laboratory of Tomsk Polytechnic Institute in 1957 on the 


initiative of the Doctor of Physicomathematical Sciences Professor A. A. 
Vorob'yov. 


Description of devices for obtaining and converting the high-voltage 
nanosecond pulses is preceded by an analysis of the basic proceeses taking 
place in a spark with account taken of Weizel and Rompe theories and of the 
theory of streamer discharge and transient processes in a discharge circuit. 


The book is designed for scientific workers ard engineers in appro- 
priate fields and for students of higher educational ‘nstitutions. 
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FOREWORD 


The progress of science calls for new requirements in regard to the 
pulse techniqus. From the pulses of millisecond duration, which were used 
in tolegraphy, the pulse technique pessed on to the micresecend pulses for 
the purposes of power engineering, radio engineering and radar and at the 
present time it deals with pulses of nanosecond duration (1 nancsecondsl0~9 
second) and shorter pulses. ‘The nanosecond pulse technique may be divided 
into the technique of generating low-vwltage pulses with an emplitude of a 
fen hundred volts and lower and the technique of obtaining pulses with an 
amplitude of ore, ten and hundred Kkdlovolts. 


Many works in the periodical press and also the monographs /1, 27 
have been devoted te the methods of generating low-voltage short pulses. 
On the other hand, considerably fewer works have been devoted to the obtain- 
ing of high-voltage pulses of nanosecond duration in spite of the fact that 
the first investigations in this diroction appeared 30-40 years ago /3-6/. 
This was explained on one hand by the fact that until 1950-1960 science and 
engineering did not show croat interest in such pulses, and on the other 
hand — by the g~eat difficulties encountered in obtaining and recording 
them. The harmonic spectrum of the nanosecond pulses extends up to super- 
high frequencies. The-efore, to generate and transmit these pulses it is 
necessary that the equipment used provide a wide frequency passband and at 
the same time be able to withstand high voltages without breakdowm. 


A number of areas in science and engineering can be named in which 
the high-voltage nanosecond pulses find an ever wider application. 


In the acceleration technique /2, 7/ these pulses are used for the 
injection of electrons into an accelerator, for a fast ejection of the accel- 
erated particles, for obtaining a short-duration beam of charged particles, 
for investigation of the proce:;: of electron capture in the accelerator for 
a precise measurement of the energy of the particles, etc. Obtaining of 
short x-ray pulses necessary for pulsed testing of photomultipliers, for 
investigations in ballistics, etc. may also be included here. 


In nuclear physica /2, 8/7 the high-voltage nanosecond pulses are 
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used for measuring tie diffusion constants of neutrons, for the study of 
materials with a short lifotime, otc. 


In radar /9, 10/ the short pulses are used te determine short dis- 
tances to targete with high accuracy. 


In high-speed photography the high-voltage pulses of nanosecond dura=- 
tion togsther with electro-optical shutters and electronic optical convert— 
ers are used for the investigation of super-fast processes. In particular, 
a discharge in gases is investigated in this mannsr: the rate of the devel- 
opment of electrun avalanches 12/ expansion of the spark-discharge 
channel at the initial stago ’ process of plesma formation during 
a spark discharge and explosion of the wire /1),, 157. 


In the physics of dielectrics and semicunductors the high-voltage 
pulses with 2 steep leading edge are wed for the investigation of the 
kinetics of tho breakdown process in solid, liquid and gasesos dielectrics, 
and also in semiconductors /16-19/. 


When using the short high-voltage pulses the strength of electric 
insulation increases by several times. because of this, it is possible to 
reduce the dimensions of high-voltage installations /20, 217. The use of 
these prises for carrying out sone of the high-voltage tests is alse well 
known /22 


Hydrogen thyratrons and spark dischargers are used a3 canutators 
in the highevol*age nanosecond=puise generators. The use of thyratruns is 
limited by a comparatively low ancde voltage (about 30 kilovolts), a small 
operating current (less than 1 Icilcampere), by large dimensions and by the 


comutation time (of the order of 10% sscond). Spark dischargers have 
considerable advanteges in this respect. It is known that there are dis- 


chargers with an operating current of up to 10° amperes [25] and a voltage 
of 10° voite /267. Under certain conditions the commtation time of the 


dischargers anomts to 10™° second /577. This explains the fact that the 
main attention is devoted in the boo generators with spark dischargers 
and that a description of some of the regularities of the gas discharges is 
given... Data on the generators with thyratrons are available in the other 
dooks A; 27; and the special features of the operation of pulsed thyratrons 
and their properties are described by T. A. Voronchev /287. 


In the book the chapters 1 and 5 were written by the authors together 
with the exception of Par. 1.2 written by Yu. P. Usov and Par. 5.3 written 
by G. A. Mesyats and V. V. Kremnev; the chapters 2, 3 and lh wero written by 
Q. A. Mesyats and chapter 6 = by G. A. Vorob'yov. 
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CHAPTER 1. SOME OF THE REGULIARITIES OF THE BREAKDOWN GF GASES 
Tutroductiocn 


The operation of high-voltage nanosecond-pulse generators with spark 
dischargers is highly affeoted by processes taking vlace in the discharge 
gap. The process of ‘he preparation of the discharge from the instant of 
the application of th» triggering pulse until the start of the formation of 
conductive channel is connected with the operating time and operating stabil- 
ity of the discharger. ‘the speed of the formation of a channel with high 
conductance in the gap determines the steepness of the leading edge of the 
pulse. The maximum frequency of a stable operation of a pulse generator is 
determined by the time for restoring the electric strength of the gap. In 
addition to this, when uring the dischargers it is important to kmow the 
factors on which the breakdown voltage of the spark gap depends. 


Par. 1.ei. Formation of Gas Discharge. Breakdown Voltage 


Gas breakdown consists of three successive stages: the discharge- 
formation stage, the final stage and the are stage (in the case of a large 
current in the discharge circuit). A channel with high electric conductiv- 
ity is creatod between the electrodes during the discharge-formation stage. 
The current at this stage is small and the voltage on the electrodes re- 
mains nearly unchanged in the course of the stage. During the final stage 
a channel with a conductance approaching metal conductance is creatod between 
the electrodes, and the voltage on the electrodes rapidly drops to a very low 
valus. The course of this stage determines the commutation characteristic 
of the discharger. Duting the. other stage the flowing current depends on the 
parameters of the discharge circuit. 


The formation cf a gas discharge will be briefly examined in this 
paragraph. 


At the beginning of the 2th century Townsend 27 developed a theory 
of discharge in gases, which with a subsequent correction makes it possible 
to describe some of the discharge processes in gases. The discharge process 
1s represented qualitatively by the following pattern. Original electrons : 


Ss 





formed in the immediate proximity to the cathode are accelerated by the 
electric field in the direction toward the anode. Upon the accumulation 
of sufficient energy the electrons colliding with the gas molecules and 
atoms ionize them and the number of free electrons increases in avalanche- 
like mamer. Finally, the electron avalanche reaches the anode and is 
absorbed by it. 


Positive ions formed during the impact ionization move toward the 
cathode and upon approaching it pull out electrons which form naw electron 
avalanchez. Consequently, pulling-out of the electrons from the cathode 
by the positive ions sustains the discharge. 


Current density in the electron avalanches at the anode 
«S$ 
h=s = ____- , e 

Cet, (1.1) 
where & is impact~lonization coefficient indicating the number of ioniza- 
tions per one centimeter of the electron path; y is coefficient indicating 
the average mumber of electrons pulled out from the cathode by one positive 
ion; Jo is current density accounted for by the photoeffect from the cathode 
undexy the acticn of an extraneous ionizer not connected with the gas dis- 
charge. 


At the present time it has been datermined that the emergence of elec- 
trons from the cathode in the gas gap is connected not only with the ion 
bombardment of the cathode but is caused by many other processes called 
gamma processes, and first of all by the ultraviolet radiation of the excited 
gas molecules or atoms. 


The quantity in the denominator of the expression (1.1) indicates the 
number of electrons pulled out from the cathode by ions which had formed in 
the gas gap as a result of ionization initiated at the cathode by one elec- 
tron. The discharge is called self-maintaining if it does not become extinct 
when jg=0. This is observed when 


so — y=. (1.2) 


as 

If y(e -1)>1, then each following avalanche exceeds the preceding 
avalanche. This process called the step-up of the avalanches continuss until 
electrical conductivity brought about by an avalanche proves to be sufficient 
for the next stage to run its course =~ the final stage. The process of tran- 
sition to this stage is not described in Tomsend theory. It becomes clear frm 
the foregoing that the time for formation of Townsend discharge is determined 
by the motion time of the electron avalanche and by the reverse motion of 
ions through the interelectrode gap, multiplied by *he number of step-ups. 
Inasmuch as in a gas the mobility of ions is three orders lower than the mo- 
bility of electrons, the mtion time of ions in the gas gap determines the 
time for formation of Townsend discharge, which according to theoretical eval- 


a Bee 











uation should amount to 10-107 seconds. This time was observed in the 
ease of the breakdown of a discharged gas. Howaver, with the atmospheric 
pressure the discharge time in an air gap witha length of one centimeter 


proved to be equal te 107’ second /i2, 297. This fact which showed the 
untenability of Townsend thecry played an important role in the further 
development of the studies on gas discharge. Observation of gas discharge 
in an ionization chamber /12, 297 showed that moving at a velocity of the 


order of 10! cm/sec the electron avalanche gradually expands and at a cer- 
tain instant of time a sharp increase of ionized space is observed with this 
space covering at a very high speed all of the interelectrode space. This 
is followed by a compiste breakdown. This rapid process, which is a contin- 
uation of the avalanche process,was called streamer. 


The developuent of a streamer discharge appears to be as follows. 
The moving electrons produce not only the impact ionization but also the 
excitation of gas molecules and atoms. While reaching the normal state 
the excited mlecules or atoms emit light quanta which bring about a stepped 
photoionization with an appearance of free electrons called photoelectrons 
and being of great importance in the development of a streamer. 


After reaching the anode the electron avalanche is absorbed by it 
»” leaves positive ions near its surface. Ionic charge creates an addi- 
tional field with a strength E,. Protoelectrons which had appeared near 
the anode move toward the positive volume charge in a field having the 


strength Ey, #E where Eee is field strength brought dout by the applied 


voltage U. If the strength EB is sufficiently high, then after reaching 
the positive volume charge the photoelectrons will have time to create high- 
power avalanches which compensate the charge of the ions that are at the 
anode. This will lead to the creation of a conductive plasma. The new pos- 
itive ions brought about by photoelectron avalanches, and newly appeared 
photoslectrons act in a manner similar to that described, and a plasma col-~ 
wn called positive streamer rapidly extends in the direction toward the 
cathode. Meek (70 7 formulated the following condition for the initiation 
of the steamer: E ,=kE where k=0.1 to 1 but its value has not been “eter- 
mined exactly. 


If a higher voltage is applied te the gas gap, then Meek's condition 
may be satisfied when the avalanche has not yet reached the anode. In this 
case the streamer will appear in the interelectrode space and will spread 
toward the cathode and anode. The streamer spreading toward the anode is 
calied negative. 


In an inhomogeneous field the streamer spreads from the electrode 
with a large curvature. The velocity of the spread of the streamer ina 
homogeneous field amounts to 1.5 ° 108 (positive) and to $09 © 107 cm/sec 
(negatjve); in a highly inhomogeneous field it is 2.5 * 10! (positive) and 
2 + 10° cm/sec (negative). 





On the basis of axperiments with ionization chamber Raether £0] de- 
rived the following empirical equation for the condition for the initiation 
of the streamer: 


ax = 20, (1.3) 


where x is the path covered by the electron avalanche. 


In the breakdem of large interelectrode gas gaps (of the order of 
tens of centimeters and more) with a highiy inhomogeneous field when the 
average discharge gradients drop to l-5 kv/cm, streamers do not create a 
conductive path between the electrodes and do not produce a breakdown. 
this case the discharge is. brought..about by. the-leader process a. descoription 
af which. my be. fount in a book by I..5. Stekol'nikov Fo ° 

On the basis of the latest investigations of the discharge time, 
discharge voltage and development of electron avalanches in ionization 
chamber the researchers fo reacned tho conclusion that in the breakdown 
of gases in a homogeneous field at a constant voltage the formation of the 
discharge is brought about by the "step-up" of the avalanches according to 
Towmmsend. ‘The breakdown voltage can be determined from the condition (1.3) 
with acco:mt taken of the relationship d=f(E). It turns out that the 
breakdowm voltage is a function of the product of the multiplication of 
the pressure p by the interelectrode distance S, which was found earlier 
by Paschen and now bears the name law of Paschen. In Figure 1.1 are sham 
Paschen curves for certain gases. The curves have a minimm. The lef 
branch of the curves is characterized by an increase of Upp Lior Vyprcaiciom/ 


with a decrease of pS. The increase of Upr is limited to the phenomena 


characteristic of vactum breakdom. For the right branch, Upr increases with 


an increase of pS. In the work by loeb /127 is cited an analytical depend- 
ence Upr=t( pS) which is an approximation of Paschen curve. With very large 
values of pS this dependence represents an almost straight line: 


Usp = APS. (1.4) 


With a pS somewhat lower than the linear mode the dependence Upr*f(pS) 
has for many gases the following form: 


—— t 
Bag or Uorealkionn_/ Usp = Ao S+ By VPS. (1.4 ) 
where A, Ap and By ave quantities constant for a given gas. 


For certain gases (No, COs, etc.) a deviation from the law of Paschen 
is obseyved in the direction of a drop of the breakdown voltage with an in- 
erease in the gas pressure and the more sa, the higher the pressure. Large 
deviations from the law of Pascher are observed in the case of an inhomoge~ 
neous field when an electrode with a large curvature has positive polarity. 














Figure 1.1. Relationship of breakdown voltage 
in different gases to pS in the case of a 
uniform field between the electrodes of the gap. 


(2) Air (4) m 


In a homogensous field achieved by the use of flat electrodes with 
rowmded edges it is possibly to measure the breakdown voltage with accuracy 
to tenths of a percent. As a rule this witage does not differ in the case 
of a breakdown at the commercial-frequency direct and alternating voltages. 

perimental data satisfy well the equation (1.l'). Thus, according to Meek 
20/7, for air at the atmospheric pressure 


Upp = 21,225 -+ 6,08 1/5 xo, (1.47) 


if S is measured in centimeters. 


In the case of using spherical electrodes with small values of S/D 
(D is the diameter of the electrode) the values of Upr approach the values 
for the case of a homogeneous field. With an increase of S/N, electric 
strength decreases and reproducibility of the results declines. With an 
S/D $0.5 the accuracy of measuring the Ue 33% and with an S/D30.75 the 
results turn out to be poorly reproducible. The relationships at different 
values of D are cited in many works in the form of tables /21, 22, 31/. 





Table 1.1 


? [or |o.75 jo. {0.85 | 0.9 | o.ss | 1.0 | 1.05 [1.1 


kt |o.7 | 0,76 0.8 | 0.86 | 0.9 [0.5 | 1,0 | 1.05 | 1,09 





With a change in the gas density p=92386 (p — mm of mereury 


solum, t ~- °C), Upypsk0 where U is breakdom voltage under normal at- 


wospheric conditions (p=760 m of mercury column, +=20°C); k is the coef- 
ficient dependent on the value of p (Table 1.1) [207 


If moisture does not become condensed on the electrodes an increaze 
in the moisture content of the gas is accompanied in the case of a homoge- 
neous field by an increase in the value of Vip approximately by 0.1% for 


each millimeter of mercury colum of the partial pressure of the moisture 
vapors. Moistness increases Upr to a higher degree in the case of an 
inhomogeneous field. 


An increase in ges pressure leads to an increase in electric strength. 
With pressures of the crder of tens of atmospheres Upr depends to a high 
degrees on the condition of the surface and on the material of the electrodes. 
The material of the cathode has an especially great effect. The breakdown 
voltage increases successively with a change in the material of the cathode 
as follows: aluminum, copper, iron, stainless steel. 


Polished electrodes aged by many discharges are used to obtain high 
values of Up. 


Tho breakdown voltage in an inhamogensous field depends on the 
polarity of electrode having a large curvature. For electrodes of tha 
pointeplane type the interelectrode distance of which is equal to a few 
contimeters the breakdown gradient at a positive polarity of the point 
is equal to 7.5 kv/cm, and at a nogative polarity — to 20 kv/em. With 
large interelectrode distances (tens and hundreds of centimeters) the 
breakdown gradients decrease to h-5 kv/cm for a positive point and to 
7-9 kv/om for a negative point. Intermediate values of the brealaiom 
voltage result for electrodes of the point-point type. 


Table 1.2 


Tas } He us| 0] ss] a, 
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Key: (1) Gas (2) breakdowns kv 


In table 1.2 are given the breakdown voltages for different gases 
(a homogeneous field, pS=100 mm of mercury colum © cm). 


= = 


Some gases the composition of the molecules of which contains the 
atoms of * ids have high values of electric strength exceeding by two anc 
more times 3; electric strength of the air. But most of these gases can- 
not be used since they have a high bolling pcint, are chemically achive  rogrd 
to the surrouding materials and decanpose under the effect of discharges 
with a formation of harmful subetances. 


Be M. Gokiiberg and associates L3, 33, were succeesful in iso- 
lating from among many gases two gases which satisfy the above-mentioned 
conditions. These are freon (CCloFo) and elegas (SF¢). Freon has an elec- 
tric strength 2.5 times higher than that of ths air, its boiling point is 
28%. With a pressure of several atmospheres at room temperature freon 
changes into a liquid. Elega:: las somewhat better properties. Its electric 
strength is close to the eleciric strength of freon, its boiling point is 
62°C. Elegas is more inert than fresn. 


Addition of freon or elegas to the air and nitrogen increases elec- 
tric strength of the latter two more than in proportion to the percent of 
the addition. These mixtures liquefy at higher pressures than pure freon 
and elegas. The breakdown voltage of the spark gap lccated in a closad 
vessel may change with an increass in the number of breakdowns of this gap. 
Tn the work /20/ it is noted that the breakdom voltage of the air gap de- 
eases as a result of formation of nitric axide. When moisture is present, 
nitric acid may form which forme a conductive bridge between the electrodes 
c1 the walls of the vessel. A rise of the breakiown voltage is sometimes 
observed in a closed vessel after several breakdowns of CSFg. This is ex- 
plained by decomposition of the gas molecules into CF), and SF¢3 ae a result 
of this its pressure rises /20/. 


An appreciable drop of the static breakdowm voltage is observed in 
the case of an intensive irradiation of the cathode of a spark discharger 
rith ultraviolet rays. When using pulsed sources of irrudiation (from a 
spark discharge) this effect is used for triggering the commutating spark 
dischargers and fcr the synchronization of high-voltage circuits. The ef- 
fect of the breakduwn-voltage drop was measured during the irradiation of 
the cathode of the main gap with a nearby auxiliary spark which appeared 
during an undamped discharge of a large-capacitance capacitor. A change 
in the irradiation intensity is usually accanplished by changing the dis- 
tance J between the source of illumination and the main gap or by using 
shields which absorb ultraviolet radiation. In the works /20, 307 it is 
showmm that the breakdowme<voltage drop 
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100% (1.5) 
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in the case ef short distances 4 from the source of intensiw, ultraviolet 
irradinticn to the main gap may reach 25 percent. With ar, increase of the 
distance 2 the value of “, cecreases. 





A dsoreage of » with an incroase of | is explained by the fact 
that a larger is charactorized by a more intensive absorption of ultra- 
violet rays by the air and, consequently, by e smaller photocurrent from the 
cathode i,j ‘the appearance of which lowers the breakdown voltage. It was 
determined experimentally /207 that the value of 1 increases in direct 
proportion to the increase of Wig. On the basis of Temsend theory of gas 
discharge during a steady-stete irradiation the decrease of ~% may be ex- 
pleined by the increase of the space-charge field of positive ions, In ac- 
peranoe with the experiment tha calculated relationship nef(Wio) is race 
t ear. 


The most important quantity characterizing the effect of breakdown- 
voltage drop during irradiation with an auxiliary spark is the time between 
the breakdown of the auxiliary spark gap and the main spark gap, the stebil- 
ity of this time and the relationship of the spark gaps to various factors 
which affect the breakdown of a spark gap in the 4ir weier normal conditions. 


These problems were investigated in a greater detail in the works 
£35, 367 and are set forth in Par. 5.5. 


Pace 1.26 Delay Time of Discharge in Gases 


If pulsed voltage is applied to a spark gap, then its breakdown occurs 
not immediately after reaching a static breakdown voltage in the gap but after 
a certain time called discharge delay time +3. This time may be divided into 
static delay time, or the time betreen the instant of the application of a 
voltage sufficient for the brealdom of the gap, and the appearance of "“effec- 
tive" initiating electrons, and into the time fcr the formation of the spark 
discharge. 


The ratio of the voltage U at which the breakdom of the gap takes 
place, to the static breakdom voltage Ue is called relative overvoitage 


The quantity Bon P - 1 is called absolute overvoltage and is sanetimes ex~ 


pressed in percent. It is obvious that if t3>0, then (>1. From the 
simplest Townsend theory (without taking the ionic volume charge into account) 
the probability of the appearance of a discharge stating in the time interval 
dt upon the expiration of t seconds after the application of voltage is 
equal /T27 tos 


W (t)dt— Wa,e—” dt, (1.6) 


where fg is the number of primary electrons released in one second from the 
cathode surface; W is the probability that each one of no electrons wil” 
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creato an avalanche capable of bringing about a discharge. The equation 
(2.6) leads to the following expression for statistical delay: 


Se 
Lt. *tot*tetatistical/ fone (1.7) 
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Each one of ny primry electrone leaving the cathode brings about (51) 
fonizations during its motion toward the anode. The number of electrons 
released from the cathode by ions created by one of the primary electrons 
is called ionization-build-up coefficisnt M equal to 


M=7(eeS— 1), (1.8) 


“here Y is the number of electrons released from the cathode by one elec~ 
tron. In each separate case the coefficient M muy be equal to 0, 1, 2, etc. 
but its average value will not necessarily be an integer. When M<l the 
avalanche process and, as shorm in Par. 1.1, the equality M=l is the con- 
dition for breakdown according to Townsend theory. In doing so, the quantity 
W is the probability that with a voltage higher than the breakiown voltage 
thc process of the initiation of new avalanches will not be discontinued. 
Miking use of the theory of probability and taking into consideration that 

y <1, 1t can be shown that 


In(l— W) 
Ave W i (1.9) 


Knowing the discharge conditions, M can be determined from the expression 
(1.8), W can be found from the expression (1.9), and then, evaluating no 
from the conditions of the experiment the statistical delay time can be de~ 
termined using the expression (1.7). 


When breakdown bears streamer character statistical delay time depends 
on the product of the multiplication of the probability W, that the original 
electron may lead to the creation of an electron avalanche, and the probabil- 
ity Ws+ that the avalanche creates a breakdown streamer 


[st ™streamer/ i! —, (1.10) 
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Under the action of ths earth's radioactivity and cosmic rays from 10 
te 20 electrons form under normal conditions in one cubic centimeter of air 
in one second, With such a small number of original olectrons the statis- 
tical delay time is long. The number of original electrons ng increases 
nearly in proportion to the gas pressure so that a higher pressure decreases 
the statistical delay. Ultraviolet radiation of an &ppropriate mercury l:mp, 
of a spark or corona discharge, radiation of radioactive materials, and the 
x-rays may be used for artificial ionization. Tliumination of the cathode 
with ultraviolet light brings about a photocurrent from the cathode and 
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sharply increases the mumber of original electrons. In doing a0, the prob- 
ability of the formation of an avalanche by each one of these electrons ap- 
proaches unity since each photoelectron starts moving enay from the cathode 
under the action of the field between the electrodes. With a photocurrent 


deneity of 10722 amp/cn® the mumber of electrons released from 1 em of the 
cathode surface in one second is equal to 6° 10°. A very intensive irra- 


diation of the cathode (a photocurrent density of 1077 19-19 amp/cm) leads 
to the formation of the initial volume charge in the gas gap and reduces 
the breakdown woltage. For a discharge gep equal to 1 cm a photecurrent 


density of 1072 amp/em® does not as yet produce an appreciable distortion 

of the field by the volume charge, and statistical delay becomes sufficiently 
short. The photoelectric effect brought about by the spark discharge is 

many times higher than in the case of a mercury lamp /20/. 


In the irradictilon of the gas gap by radioactive materials, statis- 
tical delay time is appreciauly longer than in the ultraviolet irradiation 
of the cathode since alpha particles and gamma rays bring about an ionization 
of gas, nommiform in time, in the entire volume. 


Statistical delay time of the first discharge may be considerably 
longer than that of the following discharges in those cases when the nunber 
of unrecombined electrons after the first discharge is large. This phenom- 
enon is characteristic of inert gases but it also can be observed in nitro- 
gen and hydrogen. Increass in the mumber of original electrons is also ex- 
plained by the possibility of field emission brought about by surface charges 
on a poisoned cathode. It is possible that these surface ch=rges are brought 
about by photons fram the preceding discharges. 


With a heated cathode, thermionic emission sharply decreases statis- 
tical delay time and if it is reduced nearly to zero, then the time elapsed 
between the instant of the application of voltage sufficient for a breakdown, 
and the instant of breakdowm is equal to the time for forming the discharge. 
For a Townsend discharge tnis_ can be calculated approximately by the methods 
get forth in the works £139. In these works it was ass~zed that secondary 
electrons are formed as a result of bamberdment of the cathode by positive 
fons. However, it is known that secondary electrons also appear imder the 
action of discharz radiation in gas. faether /L0, took both of these 
factors into accovat and calculated the time for tne formation of a spark 
discharge in a homogeneous field on the basis of an assumption that it is 
determined chiefly by the time necessary for the growth of the av-lancha to 
the dimensions at which the avalanche starts changing into a streamer. Ths 
streamer which has formed develops much faster than the avalanche. There- 
fore, its growth time may be neglected. In his evaluations Raether assumed 
that the transition of an avalanche into a streamer takes place witn the 
condition (1.3). 


A more exact approximation was carried out by Fletcher CY who cal- 
culated for the first time the details of the space charge distribution in 


a= 








an avalanche. He assumed that at the initial stage of development of the 

avalanche the distribution of the charge is determined chiefly by the dif- 

fusion of elsctrons with the concentration of electrons and positive ions 

being so lon that the space=-sharge field may be neglected. The rates of 

increase of the concentrations of electrons n_ and of positive ions n, : 
are described by the following equations: 








A =2vn.—DVin_ +028 > (1.11) 
| FS, SVR (1.12) 


where v is the drift velocity of an electron in the direction of a field 
having the strength E along the axis 2, and D is diffusion coefficient. 


When owing to icnization the densities of electrons and positive ions 
increase the space-charge field starts changing the distribution of electrons. 
Fletcher suggested an approximate method of determining the conditions under 
which this process takes place, In his opinion, distribution does not change 
in the tima t after the appearance of avalanche. If however, the time is 
larger than t, then the space-charge field becomes proportional to the num- 
ber of electrons N and inversely proportional to the radius of the avalanche 
Ty, > Which would be true in the case of a spherical distribution of the charges. 
The radius ry, is determined by integrating the drift velocity brought about 
by the space-charge fielc Ey, 


Thersfore 


a Ele): (1.13) 


where Ey=E, and Nel, at the instant of time +t. For the space-charge 
field Flotcher found the following expression: 


[fizL=avalanche/] 
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3 N_\'s 
kp E.= 6 aa Ne ) ; 
where 8 Sage ° 


The critical size of the avalanche Nor at which the fieid in the 


avalanche becomes equal to zero is calculated from the cmditions of equality 
of the space-charge field Ey, to ths external field E. According to the 
axpression (1.14) this is possible when 





a fe 256 N, 
Mp MNorMoritical/ Meg = ae : (1.15) 


The time for the formation of discharge t, found from the assumption that 


ec ox 





it is determined chiefly by the gromth of the avalanche to the critical 
size is equi to 


en 
Lep*ty*taischarge/ Be gg Na (1.26) 


To determine the mmerical value of t, Fletcher: made use of the 
quantity a=3 + 107 om caleulated from Raether's data /i27, In addition 
to this, he assmed v tohe equal to 0.706VE + 10° cnsec, which leads to 


an avalanche velocity observed by faether 27 in fiaids approaching the 
minimm brealdiown value, and extrapolated for higher fields. 
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Figure 1.2. Relationship of the tino for 
the formation of discharge t, to the field 
strength E (1) and of the critical strength 
Ecyr to the breakdown voltage vU (2). 


Theoretical cu-ve of the relationship of the formation time to the 
field strength E at which a breakdown of the gap occurs is show in Fig- 
ure 1.2, Also shown there for comparison are the experimental points. The 
results of Fletcher's calculations indicate that the diecharge formation 
time at an E250 kv/om is a function of the field strength alone and does 
not depend on the length of the gap or applied voltage. This conclusion was 
confirmed by experiment. It follows rrom Figure 1.2 that with the largs 
values of E the time t, becomes equal to l0~second or less. An exper- 
imental study of the discharge formation time in the region of 1077 second 
is also cited in the works 457. To achieve larger values of E (or P) 
in the gap it is necessary that fhe duration of the leading edge tr of the 
voltage applied to the gap be smaller than the expected value of the time tr. 
In the experiments carried out by Fletcher /177 te=3 - 10-20 second. there- 
fore, in the calculations he asswned the leading edge of the pulse to be 
ideally steep (ts). 
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Tha relationship of the discharge formation time t, in the air 
under normal conditions to the distance between the electrodes S ina 
range of 0.2-) mi with an overvoltage s1.1 to 1.15 is determined in 
the work /967. A multi-avalanche discharge with a discharge time of 10 
to 10> sec appeared for an S=0.2 to 1.5 mm. With larger distances the 
time tg decreased unevenly by two orders and thenceforth depended in di- 
rect proportion to the magnitude of the gap S&S. With an intensification of 
irradiation of the gap with ultraviolet rays the intcusity of the electron 
avalanches increased and the distance at which discontinuity in the relation- 
ship t,sf(S) was observed decreased. With the further increase of irradi- 
ation intensity this relationship was linear. The authors explain such a 
behavior of the relationship t,=f(S) by the transition of Townsend discharge 
iato a streamer discharge. Consequently, to obtain a small value of t, it 
is necassary to create in the discharge gap conditions for the realization of 
a single-avalanche streamer mechanism of ths discharge. 


In Figure 1.2 is shown the relationship of the critical field A to 
the magnitude of the voltags (the right Y-axis) at which after passing through 
the entire gap one avalanche reaches critical dimensions and leads to a treak- 
dow. Several avalanches are necessary for the breakiown of & gap with a 
smaller E. This increases the t,. 


In conclusion, on the basis of tne formula (1.10) we will obtain sov-~ 
eral relationships for t, with different relationships between ty and te. 


1. Suppose tet. With normal conditions in the sir /2, 117: 


20. 706(E) 210° cm/sec. (1.17) 
With zs hh to 176 volts/cm/mm of mercury colum /327 (1.18) 
OaA(E - B)° 


where A=1.5l ° 10°! cm/v®, B=2h,400 v/em. A pressure p equal to 760 mn 
of mercury column was ysed. Since the value of Noy has little effect on 
the result, an Ngp=l0’ may be used in the calculations /I7, 207. Substi- 


tuting expressions (1.17) and (1.18) into the expression (1.16) we find 


1690 (1.19) 


——a ee 


t= = 2 
VE (E — 24400) 
1690 S’* : 

a ¥ U, (Us — 24.400 - S)* 


(1.20) 


where U, is the amplitwie of the voltage pulse at which a breakdown cf the 
gap occurs. 








To determ’>o the a Rosé /Ti/ suggested an empirical formula also 
found from the «pression (1.16): 


(1.21) 
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2. Suppose t,<t,. 


If the time +t, is measured fron the start of the application of the 
voltaga, then /177: 





Lep*ttticading edge_/ tym ty + tatty (1.22) 
tf ; ‘ 
where t= ~ f a(t) v(<)dt, 
ae (1.23) 


and t, is determined by formula (1.19) or (1.20). If the voltage on the 
leading edge of the pulse increases in accordance with rectilinear law, then 


1. 
ei, (1.2h) 

i) 
or 


E= te 


motes 
tes 
Sutetituting the expression (1.2) into the equalities (1.17) and (1.18), 


and substituting then the expressions obtained for v and & into the 
formula (1.23), we will find the tg. 


We will finally find the following for t,: 


fe 2t 
As 1690 S’ 4 SES 
VU, (U, —- 24400 S)* 7 (1.2) 
Uy? —6.71-10" US + 41S? t,. 
(U, — 24.4005)? 
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3. We will examine now a case when the breakdown occurs on the lead~ 
ing edge of the pulse, i.e. t,.<tp. 


Wewill determine the time t, from the start of the application of 
the voltage until the breakdown of the gap /1)/ from the following formula: 


fmt hy. (1.26) 
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We will determine the value of t fran Raether's condition (1,3), and 


to — from the grpression (1.20) 1f the following is substituted in the 
place of YJ, /Ui/s 


fs att + 3te 
8 te 


The final expression will asume the following forn: 


x ee t 
ft,= as t, = (1,14 VS + 2,445) - 10' t+ : (1.27) 

It follows from the equalities (1.20), (1.25) and (1.27) that the 
time ty cum be regulated steplessly from single nanoseconds to tons of 
nanoseconds with a constant value of Ug by varying the length of the 
spark gap S. In doing so, witn a sufficient intensity of ultraviolet 
irradiation the value of +, proves to be very stable /17, hii7. This 
‘enomenon can be utilized in high-voltage nanosecond pulse technique fi, 
5, 477. Soma of the networks making use of this effect are shown in 
Pa.agrapha 4.2 and 5.6. 


Par, 1.3. Provesses in Spark in the Period of Spark Discharger Commtation 


In the period of discharger comnutation the spark resistance varies 
fron a very large value determined ly the developed streamer, to a value 
approaching zero. The rate of the transition of the discharger from a 
nearly nonconductive state into a conductive state determines the duration 
of the leading edge of the pulse appearing on the load. This process of 
the transition of discharger from a nonconductive state into a conductiw 
state may be characterized by a curve of the relationship of the voltage 
U,(t) BiMesniicthon 7 or resistance R,(t) E8spark 7 to tima. It 
is customary to call the curve U,(t) characteristic of the commutator 
commitation. The duration of the commutation is characterized by the time 
between tro fixed points U'; and U", on the commtation curve (Figure 1.3). 





Figure 1.3. Characteristic of a spark 
Gischarger canmutation. 
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Usually a U' 90.9 Up is wed and U", — equal to 0.2 or 0.1, according to 
the character cf the curve (t). there is a region of a delayed volt- 
age drop on the commu‘ation acteristic (to the right of the point »), 
then the former value of the U*, is used, and if there is no such region, 
then the latter value of U", is used. 


To determine the spark resistance in time, Toepler /5, 197 suggested 
the following empirical formula 


ks 
a 


where S is the length of the spark gap; k is a constant characterizing 
the gas; q is the amount of electricity flowing through the spark gap. 


Since a" Side, then ee nd 
[te 
uz *hspark 7 : 1.28) 


Making use of the furmula (1.28), Toepler /50/, Krutzsch Ly » Beindort (6 7, 
Sahner /527 and others /5, 227 calculated the parameters of the leading edge 
of a puise obtained in a network with a spark discharger as a commutator. 


It is difficult to make. practical uie of. tha relations. obtained with the 
aid of the formula (1.28) to determine the parameters of a pulse since the 


quantity k is actually not a constant but depends on the time /53/, break- 
down voltage and load resistance /5 7. 


The relationship (1.2) obtained by Toepler is purely empirical. 
Therefore, theoretical evaluation of k is impossible. However, in spite 
of the approximate character cf this formula certain dependences of para- 
meters of the leading edge of a pulse, for example of the maximum steepness 


(2) » on the pressure and inductance /5l)/ agree satisfactorily with the 
m 


experimental data. However, this dependence on the breakdown voltage is 
expressed more markedly than that found from Toepler's fcrnula. 


The characteristic of discharger commutation depends both on the para- 
meters of the discharge circuit and on the conditions in the spark gap. Two 
types of spark dischai'ge are differentiated. Be‘.onging to the first type 
are sparks the moximum current of which varies from a few amperes to tens of 
amperes — a low-power disc..arge. Belonging to the second type is a high- 
power discharge in which the current in the spark channel reaches hundreds 
and thousands of amperes. The first type of discharge appears when the 
storage capacity is emali or whun current-limiting resistances or inductance 
are inserted in the discharge circuit. In the case of a high-power discharge, 
capacitors with a value of the order of microfarads and more with low induct- 
ances and resistance of the discharge circuit are used as the storage devices. 
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In a low-power discharge the voltage drop and the increase of the 
current in a spark in the air under normal conditions tak. place ina 


time of the order of 107 second [55-577 and stops at a level of a few tens 
of volts. This corresponds approximately to the potential difference he- 
tween electrodes in the case of an arc discharge. Sometimes there is a 
step on the commtation curve /29, 587 the origin of which remains unclear 
up to the present time /59/. the case of a high-power spark the voltage 
drop in the spark gap under normal conditions in the air also takes place 
in a time of the order of 2078 second /30, 59, 607. However, unlike a low- 
power breakdown the rapid voltage drop stops at 4 level of Ug™#(0.1 to 0.2)Uy 

g=voltage drop/, after which the rate of the voltage drop is slowed dom. 

10 valw of Ug increases in proportion to the Up and decreases with an 
increase of the resistance and inductance in the circuit. 


As already noted, to obtain high-voltage pulses with a steep leading 
edge it is necessary to accelerate the process of creating conductance in 
the discharger, ioe. to decrease the commutation time. It was shown as far 
back as the work of Rogonski and Tamm /617 that, the commutation time sharply 
decreases with an increases of the voltage in the discharger higher than the 
static breakdown voltage. Gdnger /627, Rose /Ti7, Fletcher 1 and others 
£6, 227 reached the same conclusion. Rose created special conditions 
in the discharge circuit in order to obtain & minimum canmutation time. In 


doing 80, the inductance of the circuit was equai to 6 * 107° nenries. In 

a discharger filled with nitrogen, at a breakdown voltage of 5 kv, which cor- 
responded to a relative overvoltage fw3.6, the commutation time was t,= 
<5» 107%sec. ‘the relationship of the commutation time to the field strength 
at which a breakdown of the gap occurs /63/7 is show in Figure 1.h. 
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Figure 1.4 Relationship of the commuta- 
tion time +t, to the pressure p and 
field strength in the gap E. 


In the works by Beindorf /6.7, I. 5. Stekol'nikov /357, Khin /59/ 
and others /, 63, 647 it is shown that commutation time decreases with an 
increase of the pressure in the discharger above the atmospheric pressure. 
In Figure 1.4 is given a curve of the relationship of commutation time to the 
air pressure fy. The time ty, was determined betwoen the levels of (2.9 to 
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0.2) Up. Thus, the available experimontal date indicate that commutation 
time decreases with a rise of the prossure in the discharger and of the 
overvoitage in the spark gap. 


Table 1.3 
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It is shown in the work /657 that the caumutation time +, of a dis- 
charger depends on the shape of the electredes. With the electrodes of the 
point-—point type the value of tt; is app:oximately twice as large as with 
the sphere—sphere electrodes. traviolet irradiation of the discharger 
affects the time t,. The relationship of the value of t, in the air under 
normal conditions to the percent drop of the breakdown voltage wn, brought 
about by ultraviolet irradiation of the discharger /66/ is shown in Table 1.3. 
The commutation time in a discharger filled with oil is shorter than jn an 
air discharger under normal conditions £ e Therefore, oil-filled dischargers 
are used in some devices to obtain a short-~<duration leading edge of a pulse 


» 67. 


Weizel and Romple /20, 68-707 determined the spark resistance vy exam- 
ining the main processes taking place in the spark-discharge channei. In 
doing so, it was assumed that during the time of the existence of the spark 
channel, effects brought about by the presence of electrodes were negligibly 
small in comparison with the processes of the transfer of charges in a dis- 
charge region distant from the electrodes. The discharge current i and 
electric field strength E are comected by the relationship 


imareng,E, (1.29) 


where n, is concentration; b, ~- mobility of electrons; e — electron 
chacgee 


During comutation, which under our conditions lasts less than 10 20c, 
no substantjal expansion of the discharge channel takes place /13, oy. In 
addition to this, at high pressures it may be considered that mobility of 
electrons does not depend on electric field strength and so the equality 
(1.29) directly connscts the quantities i, E and nge 


The equation of energy balance in the spark charnel may be written 
as follows = 
iE= Ws + Wr + a (1.30) 


where Wy is energy loss in a unit of time owing to thermal conductiun; 
Wg -- energy loss for radiation; u — internal energy of the spark channel. 
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Intsrnal energy of a spark channel consists of the energy of the 
progressive motion of atoms, ions and electrons, of energy spent for ionizc- 
tion, and for molecular gases also of the energy of the excitation of oscil- 
latory and rotational statcs and of the bond disscciation energy. It is 
assumed that electron gas receiving snergy owing to the field transfers it 
to the heavy particles of the plasma so slowly that in the time intervals 
being examined neither the kinetic energy of ions, atoms or molecules nor 
the degree of excitation of the oscillatory or rotational states hardiy 
change. The processes of molecular dirt0ociation may be neglected. Con- 
sequently, internal energy in a discha ge chammel is completely spent for 
ionization processes. It is also assumed that energy losses for the thermal 
conduction Wp and radiation Wg are also absent. It is easy to see that 
all of the assumptions listed are valid only for discharges of ahcrt duration 
in high electric rields. 


Internal energy is defined by the expression 
amarn, = T, + ertngen;, - (1.31) 
where the first term represents kinetic energy of the electrons ard the 
second — energy lost by electrons in the process of ionization (k is 
Boltamann constant and T, is electron temperature). 


It follows from the expression (1.29) that conductance 
Fm murine. (1.32} 


Both the internal energy and conductance are proportional to electron con- 
centration with the proportionality constants depending little on the temper- 
ature T. If this dependence is neglected, then conductance may be approx- 
imately expressed in the following form 


pee (1.33) 
where 
ics bee 
3k Te tems” (1.3) 


fe 
Since b,=P ,W and N®z , tho expressions (1.33) and (1,3k) may be written 
as follows: 


Pie Barge: (1.35) 
P 
Be 

oa “3 /ak a (1,36) 


where p is gas pressure; & — electron free path length; 6, — factor of 
proportionality connecting b, and nr. 
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If Ws and W, equal to zero are taken £9, 60/ and the equations 


(1.30) and (1.35) are solved simultaneously, eliminating the internal energy 
Uy we will obtain 


: t 
2 
Boe att (1.37) 
From the expression (1.37) we will find the spark resistance Ry, 
RY) = PS, 
oa fae (1.38) 
a 


Conditions on the basis of which formula (1.38) are reproduced most 
satisfactorily only during the stago of a rapid voltage drop in the spark. 
In doing so, the faster this stage progresses, the more the pattern described 
corresponds to reality. In the operation of spark dischargers, conditions 
are specially czeated the high-voltage nanosecond devices to obtain a com- 
mutation time +t, <l0“second. 


Investigations of the applicability of the formula (1.38) for analyzing 
the processes in a spark were conducted in the direction of checking the time 
conetancy of the coefficient a. Khiln's /59/ investigations did not confirm 
the time constancy of the coefficient "a" fcr discharges in the air and hydro- 
gen. The main reason for this discrepancy consists jin that the investigations 


of the spark were conducted with the times of 10-7 to 10~°sec rhen the basic 
premises used in deriving the formula (1.38) were nc longer observed. In 
addition to this, the breakdom of the gap investiguted in the work pa se 
initiated by an auxiliary spark which, as shown above, highly affects 
length of the comnutation time. 


S. I. Ancreyev and M. P. Vanyukov 37 investigated the time depend- 
ence of "a" in the air under normal conditions and its relationship to the 
resolving power of oscillograph equal to 107? sec. It follows from the data 
they obtained that during the first 1C nanogecends the ccofficient "a" changes 
insignificantly and the following "a" may be assumed 


a2(1 to 1,3) cm™ « atm/v? * sec. 


Unfortumtely, the coefficient "a" has not as yet been determined ex- 
per*..antally for the other gases. Theoretical evaluation of the quantity "a" 
may be done using the formula (1.36). 


Par. 1.4. Restoration of Electric Strength of the Spark Gap 


In obtaining the high-voltage pulses with a high repetition rate it 
1s important to ‘mow how fast the electric strength of a discharger is re- 
stored after a spark discharge. 








When current no longer flows through a spark a column of heated and 
highly ionized gas remains in the channel, in which the ;iocesses of diffu~ 
sion and recombiz:ation bringing about a decrease of electrical conductvity 
of the spark channei with time take place. However, the voltage on the dis- 
charger elactrodes increases at the same time owing to the charging of the 
shaping element of the network from a charging device with this voltage 
Slowing down the restoration of electric strength of the gap. If the break- 
down voltage of the spark channel becomes restored faster than the voltage 
on the electrodes increases, then the shaping element of the network will 
become charged to the full voltage and the network will be able to preduce 
the next pulse. If the increasing voltage on the electrodes reaches the 
breakdown voltage sconer than the shaping element is fully charged, then an 
uncontrolled breakdown wili appear. 


If the repeat-operation voltage at which the contro“led operation of 
the discharger stops is found by maans of a simultaneous construction of the 


-urve of voltage rise on the discharger U,(t) /U,= ger_/ and the 
curve of the restoraticn of the breakdorm strength y(t) Pbyatecctoration 7 


arn’ is defined by the ordinate point of their tangency or intersection. 


Many works a review of which is given in the work /#0/ are devoted 
te the iavestigation of the process of restoration of electric strength of 
the gap after a spark discharge. 


A. Ve Rubchinskiy /727 investigated in detail the restoration of elec- 
‘ric strength after a spark discharge in hydrogen, nitrogen, oxygen, air, 
inert gases and their mixtures at voltages of up to 10 kv, pressures up to 
one atmosphere and interelectrode distances of up to 20 mm. The discharge- 
current pulses reached 1,000 amperes with a different duration of them. The 
steepness of the voltage applied to the discharger is equal to 0.5-1 kv/micro- 
second. Electric strength is restored fastest of all in hydrogen and slon- 
est of ajl in nitrogen. The difference in the rate of strength restoration 
in hydrogen and nitrogen is very great. For example, 50 percent of original 
strength is restored in hydregen in 1,600 microseconds and in nitrogen in 4,000 
microseconds. No substantial differences in the rate of strength restoration 
are observed in pure inert gases. The dependence of the restoration rate on 
the pressure is little marked in all gases. The steepness of the U,(+t) char- 
acteristic is very highly affected by various admixtures to the pure gases. 
For example, an addition of ©.1 percent of hydrogen tc argon increases the 
restoration rate nearly twofold. An edmixture of oxygen to argon also has 
a similar effect. In addition to this, the lower the rate of the voltage 
applied to the discharger, the more effective the action of an admixture of 
oxygen. An addition of nitrogen to argon slows down the restoration of the 
strength, Nitrogen proved to be mure sensitive te the admixtures than the 
inert gases. Four thousand microseconds are necessary to restore 50 percent 
of the criginal strength in pure nitrogen, and in nitrogen with an admixture 
of 1 percent of hydrogen — only 2,300 microseconds. 


The shape and polarity of the electrodes have a considerable effect 
on the rate of restoration. ‘hen the point is the anode the restoration of 
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strength in nitrogen and hy¢:ogar takes place faster than in the case of 
flat electrodes or when the point is the cathode. The mterial of the 
slactrodes has no substantial effect on the shape of the curves U,(t). 
Investigation of the effect of duration ard amplitude of a pulse of current 
flowing through the gap indicates that with an increase of the duration of 
the flow of current through the discharger the rate of the restoration of 


the strength decreases to a higher degree than with an increase of the ampli~ 
k tude. 


Cn most of the curves Uy(t) investigated in the work /727 there are 
two sections differing in the slopes initial. section with a high rate anda 
flattened section where the rate of strength restcration is considerably 
lower, In the opinion of A. V. Rubchinskiy /727 the initial steep section 
of the curve U,(t) is determined by the breakdown strength of the ion layer 
which forms at the cathode under the action of voltage applied to the gap, 
and the following flattened section is connected with an increase of gas 
density in the discharge colum as the gas cools. 


With a decrease of the concentraticn of charges the thickness of the 
ion layer grows and Uy increases. When the concentration of the charges ve~- 
comes so small that wuder the action of the vcltage applied to tho gap this 
layer extends over the entire gap,the second section of the curve U,(t) starts. 
Since the cooling process of the gas continues slower than the decrease in 
the concentration of the charges, the second section of the restoration curve 
has a flatter shape than the first. Calculations showed a qualitative cor- 
respondence of the experimental and theoretical curves Uy(t) for all gases 
except nitrogen and argon. The influerce of oxygen and hydrogen admixtures 
on the increase of the etsepness of Uy(t) in nitrogen and argon may be ex~ 
plained by the tendency of hyrircgen and oxygen to the formation of negative 
ions. Recombination of negative ions with positive proceeds faster than the 
recombination of electrons with positive ions. Therefore, an addition of 
hydrogen and oxygen to argon and nitrogen accelerates the fall-off of the 
concentration of the charges in the gap and reswres its strength. In addi- 
tion to this, the molecules of the impurity may break down the metastable 
molecules of the basic gas which reduce the breakdorm strength of ths gas 
owing to stepped ionization. 


In addition to the methods examined, gas or magnetic blowing bud 21, 
32/7, a discharger with a number of gaps larger one, etc. may be wed to 
accelerate the process of restoration of the strength of the_gap after. a spark 
breakdown. 


It is clear from the foregoing that the pulse repetit’? on rate depends 
on the time for the restoration of the breakdowr strength of the gap. How- 
ever, the characteristic U,(%) is not the only characteristic of the frequency 
properties of a discharger. It is also necessary to know the characteristic 
of the voltage rise on the discharger U,(t) which should lie lower than U,(%) 
and not touch or intersect it. It is especially important to havea flattened 
initial section of Up(t). It is of interest to note that this is helped by 
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the low after-discharge resistance of the discharger, which for a certain 
time after the discharge stays approximately equal to zero. The laet cir- 
cumstance prevents the voltage rise on the discharger since nearly ali of 
the charging voltage will be applied for a certain time to a charging resistor 
(or inductance). The lowering of tha rate of increase in the initial por- 
tion of the characteristic Up(t) is helped by the charge of the shaping 
capacitance throwh the inductance (espe in the case of a resonant 
charge) unlike a charge through a resistor /737. In addition to this, a 
charge passing through an inductance increases the efficiency of the gen- 
orator in comparison with a circuit arrangement with a charging resistor. 


Owing to a long time for the restoration of the discharger strength 
the pulse repetition rate in pulse generators has a value of the order of 


10? cps with the currents in a pulse of up to 1 kiloamp amd voltages of the 
order of ten kKilovolts. 
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CHAPTER 2. ANALYSIS OF PROCESSES IN DISCHARGE CIRCUIT WITH A COMMUTATING 
DISCHARGER 


Introduction 


Before passing on to an analysis of processes in a discharge circuit 
and their effect on the shape of a voltage pulse we will introduce the basic 
notations of the pulse parameters (Figure 2.la). Here tr is duration of the 
leading edge of a pulsa; ty, — duration of the cut; ty — pulse duration; 
Ug -—— pulse amplitude; A— voltage korn. 


Par. 2.1. Discharge Circuit of e Pulse Generator 


The substitution network cf the discharge circuit of a generator of 
nanosecond pulses is shown in Figure 2.2 where Ug is the voltage of the 
shaping element; C, — the load and wiring capacitance; C — shaping capac~ 
itance; R, — nonlinsar resistance of the commutator; L — discharge-circuit 
ee 3 Rg -—- damping resistance and internal resistance of the shaping 
element. 


Depending on concrete conditions the parameters of a substitution 
network may assume défferent values (including zero values and infinitely 
large values). Unlike the microsecond pulse networks, in the discharge 
circuit of a nanosecond network the pulse shape is considerably affected 
by the variation of the commutator resistance R, in time, which decreases 
in the course of the commutation time from infinity to a value approaching 
Zero. 


In the general case an exact calculation of the parameters of the 
leading edge of a pulse in a network with a commutator is made difficwit 
owing to mathematical difficulties. Calculation may be carried out with 
certain ascunptions; for example, the commutation characteristic of the 
discharger is specified. In doing so, a source of emf with a zero internal 
resistance instead of the commutator resistance is inserted in the substitu- 
tion network of the discharge circuit. The time dependence of this emf is 
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Figure 2.1. Determination of pulse parameters (a); 


voltage pulse on the load R, (b); pulse on the ca- 
pacitance C (c). 
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Figure 2.2. General substitution network (a); 
substitution network with account taken of the 
circuit inductance (b); substitution network 
with account taken of the value of the capac= 
itance of the shaping capacitor (c) and network 
with account taken of the spurious parameters of 
the L,C,, discharge circuit (d). 
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described by the commutation characteristic U,(t) which changes insignifi- 
cantly with a change in the active and reactive parameters of the circuit 
£5, ch Therefore, with a variation of these parameters in a certain 
range the characteristic U,,(t) may be considered invariable. 


We will examine the effect of parameters of the discharge circuit and 
comutation time on the duration of the leading = of a pulse in the case 
of invariable voltage on the shaping element (S=00). It follows from the 
diagram in Figure 2.2b that with a unit voltage on the shaping element the 
transfer characteristic of the circuit on the terminals of the load has the 
following form 


tm, — 2a a 
Ltn] 5 eS fe (21) 
where Z,(p) is the load impedance; Z2(p) — aggregate impedance of the circuit, 
including Zp(p). 


If the comutator is replaced by a source of emf e=-U,(t), then thu 
ageregate relative emf is equal to ; 


fea*~,7 ea 1— Te | (2.2) 


The characteristic e*,(t) always bears a monotonic increasing character. 


If h(p) is also a monotonic increasing function, then the duration of the 
leading edge of the pulse on the load /737 is equal to 


Lig=te=teading edge 7 t= Vist iy (2.3) 
where t, is the commutation time of the discharger; tos -— the duration of 
of the leading edge with the condition that 


@,°*(t)20|t <0; 
@,*(t)=1|+ 0. 


In the general case the value of to can be determined with good approxina- 
tion directly from the transfer characteristic h(p). If 
h(p)= 2 Set ert ter (26h) 


1+ bp + b,p*+. ee +4, p* 
where mn - 1, then according to /737 
bog =AV 2 (a, — 6.) + 67 : (2.5) 


—a,;', 


where /y is a ‘actor which depends on the method of determining the tor: 
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In practice, in al2 of the arrangements of the discharge circuit ued heme forth 
A=2.2 if the duration of the leading edge is determined between the levels 
of 0.10.9 of the pulse amplitude. 


An important conclusion follows from the formula (2.2) that tp is 
not dependent on the farm of a fumction approximating the comsutation char- 
acteristic but depends only on the value of ty. In the simplest case, when 
ZR and 2(p)=lp +R, the value of top = 2.2 =" If ty<tor, then it 


follows from the expression (2.3) that 
~— L 3 (2.6) 
t= 3 + 2.2 - 


Thus to decrease the duration of the leading edge itis necessary to de-~- 
creaso the commutation time and the time constant of the discharge circuit 
L 
¥ o 


Formula (2.3) may be used approximately also in the case when the 
function h(t) 1s not monotonic, if the voltage horn at the vertex of h(t) 
is less than 10 percent » Howaver, in doing so, it is necessary to de- 
termine tp not by the formula (2.5) but directly from the curve h(t). 


Usually the commutation characteristic is determined experimentally 
and approximated by some suitable functicn, usually by the exponential 


U,(t) = Upenw*. (2.7) 


For an axact calculation of the pulse parameters with account taken 
of the conditions in the discharger and of the circuit parameters it is nec- 
essary to know the resistance of the commutator R (in our case this is the 
spark resistance Ry). It is impossible to calculate the transient in the 
circuit in Figure 2.2a with account taken of nonlinsar resistance of the 
spark according to Weizel and Rompl /T, 377. Actually, there is even no 
need for this since all of the pulse generators used have only three diifer-~ 
ent substitution networks of the discharge circuit, a detailed analysis of 
which will be given in the following three paragraphs. 


Par. 2.2. Determination of Parameters of the ten cng eee of a Pulse With 
ccount Taken o 8 uctance of the Discharge Ci 

To obtain rectangular pulses with a large current the substitution 
network of the generato> has the following parameters: C=00, Cy"0, Rys0. 
The discharge circuit of a gensrator with a shaping line has such a substi- 
tution network (see Figure 2.2b) and also 4 circuit with a shaping capacitor 
for which the B,C is several orders larger than the duration of the leading 
edge of the pulse tr. 
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Differential equation for the current of the discharge circuit with 
account taken of the spark resistance Ry scronetne to the formula (1.38) 
has the following forn a 








b= 4-Rit : -U 
¢ ad i’ (2.8) 
pa ite ‘ 
In the place of i and +t we will introduce nen variable quantities: 
hits. _ 2pSt 
Li gPsPepark 7 re ure os 


where p is gas pressure; 3 — the length of the spark gap; "a® — & con- 
stant characterizing the gas. ‘The variabie x is a relative pulse voltage 
across the resistance R, We will substitute i and t expressed by x 
and ¥ into (2.8) and introduce the coefficient 








Anes (2.10) 
* 2p S*R, © 
In doing so, we will ottain 
x+—— + A——-=! 
z dt 3 
21/ jae (2.1) 


It follows from the expression (2.11) that x=f(t) depends only on 

one parameter A and has no exact soe aeons for the case when A-0. 
In doing s0, Sie 
ely = eee 

8 meet ee ee (2.12) 


The integration constant is determined from the condition that x0, 
x=0.01 and is equal to 1.53 heeriai solution of the equation (2.11) tor 
nonzero values of A was carried out by Sahner 7, and the curves x=f(T) 

for different values of A are shown in Figure 


Making use of the curves x=f(¢) it is possible to calculate the com- 
mutation characteristics of the discharger with different coefficients A (see 
Figure 2.3b). It may be seen from the figure that the comnutation character- 
istic depends little on the value of A. This characteristic may be condi- 
tionally divided in the region of a rapid voltage drop in the discharger ga 
and the region of a slow drop where this drop is protracted. The same shape 
of commutation characteristics is observed experimentally in the case of large 
currents in the spark (a high-power discharge}. Such a behavior of the con- 
mutation characteristics drews the transition region of the leading adge to- 
ward the top of the pulse and increases the duration of the leading edge. 


The Vp vse A characteristic determined from the curves in Figure 2.3a 
is well approximted hy a straight line when 0€AQ25 


a) 











Typl0.5 + 202A 





> : (2.13) 
tye +-2.2 22. 
ally? Ra 


This forma is analagous to the expression (2.6). 





Figure 2.3. Time dependence of the relative 


voltage aad across the resistance R, (a) 


and commutation characteristics of the discharger 
x=f(t) for different A (b); the equivalent ex- 


ponential x,20°0+0753% is also shown here. 
Uk 


Making use of the equation (2.11) we will calculate the maximum steep- 
ness of the leading edge of the pulse. For this purpose we will denotes the 


«§e= 


| xtdt am (2.14) 
ay 


We will differentiate the equality (2.14) with respect to UT. We will sub- 


stitute into the resulting expression the y and x found from the equa- 


“yn (2.11). If it is taken into account that for the maximum steepness 
“7: then os 


ox, (I— x_— Ax'yd—2',(1— Ax) =0. 
(2.15) 


The values of the voltage x, and the steepness x,' pertain to the point 


with the maximum ‘value of the steepness. The maximum steepness cannct as yet 
be determined fom the equality (2.15) since x, is not known. It may be 


seon from Figure 2.3a that in the region of maximum steepness the relationship 
xsf(t) approaches rectilinear relationship. Therefore, it is sufficient to 


determine the valwe of xX, approximately in order to find (3) vite high 
accuracy. We will assume that the value of x, does not depend on A. I: that 


case, after determining it for any one value of A (for example, A™O), this 
value may be considered valid for the other values of A. 


Making use of the equation (2.11) it is possible to show that with 
Aw x, 4. 
If we substitute this value of x, into the equation (2.15) and transform 
somewhct the equality obtained, we will obtain the following 
2 Aang ers Gove 
wfc Toe ann Harty ca 
+3=0, 


Solution of the equation (2.16) and substitution of A and . with their 
values from the equality (2.9) and (2.10) lead to the following formula 


rau an ae aU; 
(42) = 2. on -can ea 
The following empirical formula may be used when O€A€ 25 
‘ (A) = —0.157A + 0,0108A? ~ 0,00017A°. (2.18) 


It may be seen from the formulas (2.17) and (2.18) that to increase the 
steepness and decrease the leading edge of the pulse it is necessary to decrease 
the parameter A. 
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Verification of the correctness of assumptions made in the derivation 
of the formula (2.17) may be carried out by means of a comperison with the 


exact values of (2) palculated in the work /527 for some of the values 
of A. > 
Comparison of the results shows a gocd agreement of the formla (2.17) 


with the exact data when AG2& (discrepancy in the resuits does not exosed 
5S percent). 


Par. 2.3. Effect of the Value of the Shaping Capecitor on the Pulse 
Parameters == ~~SC=CSs‘—;C‘;7373}STFté<CS;S!” Se S es 





If the time constant of R,C is congruent with the comnutation time 
of the discharger, then it is necessary tc calculate the voltage drop in the 
capacitor C attributable to its discharge. In this case, the effect of C, 
may be neglected and it may be considered that C,90. Tf it 43 necessary to 
dinp the oscillations at the pulse tail, then a resistance Rg is connected 
in series with R,. In the calculations we will consider that R, is the 
sim of the damping and load resistance (see Figure 2.2c). In a generator 
with such a circuit it is possible to obtain a duration of the leading edge 
of the pulse shcrter than the commutation time ty, owing to a certain dis- 
charge of the capacitor during the cumutation. However, in this case tne 
pulse amplitude Ug <Uo, and a shorter pulse duration (see Figure 2.1b) can 
be obtained than the camutation time. If Rys0 and ILa0, then the pulse 
will have a sawtooth shape with the following duration at a level of 0.1 


t452 3 R,C- 

We will pass on to an analysis of the processes taking place in the 
discharge circuit (see Figure 2.2c). Differential equation for current in 
the circuit has the following form 

(RAR) +L 5 =U, ; (2.19) 
If instead of the Ry, its value from the formula (1.38) is substituted 


into the equality (2.19) and the following series of new constant and vari- 
able quantities are introduced: 








B= RC. ra Vie, = So. (2.20) 
; ¢ e° ~ aus? 
bl ae he U, d 
aS Z2= : = i == <= s 
t ; = oy z vu, zZ =i (2 21) 
then we will obtaiu 
2ipz+rttax (2,22) 
J dc 


elas 
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Here y Str= Su 
0.5 vec 
charge channel. The following relationship exists between Z, y and T3 


is a quantity proporticiral to the imer energy of the dis- 


aoa yt, (2.23) 


In this case the relationship between Z, y and x has the following 
form 
sat. 665 
Z=- 7.4. (2.2h) 


It follows fron the expression (2.21) that > oa Z = ; 
We will eliminate Z and % from the equality (2.22), and integrate 
with respect to x the right and left members of the equation obtained. In 
doing so, we will determine the integration constant on the basis of the 
following conditions: @=0, yaO, xal. After all transformations we will ob- 
tain a differentiai equation which describes the relationship between plasma 
energy in the discharge channel y and the voltage across the capacitor x: 


2Ve+ Ber (sty + Qx7—2=0, 
e=y. 


The equation (2.25) was obtained by Weizel /697 for analyzing the 
process of plasma formation during a discharge and he solved it for certain 
particular values of B and k. 


(2625) 


The relationship between Z and VT is defined in a parametric form 
in terms of x 








yee GE ey Sa + const. (2.26) (2.26) 


Later on, we will be concerned not with the current 2 but with the 
voltage across the resistance R,, equal to 


2yP2B. 
In this case the expression (2.26) assumes the following form 


By OE se ete ‘e (2.27) 
Zu = 7 ae B <7 t cons 


Tie equation (2.25) cannot be solved exactiy in the general form. However, 
when k=O it changes into an ordinary quadratic equation with respect to 
Vp. After finding @(x) and substituting it into the expression (2.27) 
we Will find the following: 


a 38.5 





oo ints = = Oe eT 
7 = =-In(x, ~ 1) wwite Yt x,) 


_ 81+ pre t: 
ani saen n(x, + ) T+ 28) + const: (2.28) 


Zy=2(1 _ =} ; 
whera 


x, =Vi+ 200 —=5. (2,29) 


The integration constant can be determined from the condition that T=0, 
2y=0.01. An analysis of the relationships (2.28) and (2.29) indicates that 
the curve 2,(0) has a maximum. From the condition 00 We will. dater- 


mine %y max and the value of x,,, corresponding to it 


x max = f/m + 28) — (1 + 2B)" ; . (2.30) 
2B 
Ral Ee 1 “ey TE OB 2. 
Zu Max = (1 ms) VE. (2.31) 


If we substitute the value of x from the equation (2.30) into the equality 
(2.28), then we will determine the tims T,.. with which 2y assumes the 
maximum value. ‘The quantity %,,, cannot be a technical characteristic of 
the leading edge of the pulse eince at the begining the leading edge has a 
rapid increase which changes into a very slow rise. Therefore, it is impor- 
tant to determine the maximum stespness oon of the leading edge. For 
this purpose, we will determine y from the expression (2.22), square it, 
take a derivative of y* with respect to ¢ amd taking the equality (2.23) 
into account we will obtain an equation in which wo will take a de), 
Then we will obtain the foliowing dec 
_ _ k2 ye xy 

26 Fee, F REP eo 
where the subscript "m"™ indicates valugs coxresponding to a point with the 
maxinun steepness of the leading edge. In order to determine the maximm 
steepness 2, fram the axpression (2.32) it is necessary to know the values 
of 2, and X, when B are specified. it is impossible to determine 4, 
and % in the general case when k=40. 


To determine x, and 2, when k=0 we will perform on the equation 
(2.22) the same operations as in the derivation of the formula (2.32), and 
then take from the ieft and right members the derivative with respect to 7 

2 
and assume a 50. In doing so, after substituting 2 with 2y we will 


. e d 
ot sain: 
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fo, — Zu.) — “#t]u. ~Zy J = 


Cc 
= 6(«, — Zy.)| “vg + MZeul«, — Zu.) — Zu 4 
+g" (2, — Zu. — Fue. 

ic (2.33) 

Since Z, ,.<0.2% (see Par. 2.2) and xp€l, then the expression (2.33) 
can be si ied by proceeding from a concrete value of B. For example, 
with B 


X, = 4Zy y, (2.3h) 


The second relationship for the determination of connection between 
X%y and 2, can be provided by formula (2.29). In this case we will cb- 
tain 


szl- (2.35) 
It follows from these expressions that with B35, logy wt and X,7l, ie. 


the voltage across the capacitor C hardly changes. Consequently, with 
B>5, forma (2.17) which was obtained with a replacement of the capacitor 
C with a source of infinite power (see Par. 2.2), can be used to determine 
the maximun steepress of the leading edge of the pulse. 


In order to have an idea of the steepness of the leading edge of ths 
pulse when O<B<5, we will cetermine 2), and x, when B&€1. In doing 
so, the expression (2.29) wili assume the following forn 

Zy a Bx,(1 - Xn) 


Substituting this value of 2,,, into formula (2.33) and neglecting 
small quantities we obtain 


Sx! = 1x2, + 100 


x, = 0.8399 == 0,84; Lun = 0,2378. (2 36) 


If the obtained values of x, and Zy, are substituted into formula (2.32) 
having first substituted 2%, with the quantity Zy m? We will obtain 





(2) =os28, (2.37) 


dt sy 
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4.6. with a decrease of B the maximum steepness decreases and in the linit 
with B?O it also tends to zero. The reason for this phenomenon consists 
in a large decrease of the pulsa amplitude when B are small. With the 
values of B<5 the pulse maximum becomes more explicit and the pulse shape 
approaches a peaked shaps. Therefore, the duration of the leading edge can 
be determined by the value of %, from the formulas (2.28) and (2.30). 


We will dwell in a greater detial on the effect of the value of k 
on the pulse parameters. We will determine the condition for aperiodicity 
of the capacitor discharge. In the limit xith t-+co the vortage on the 


d 
capacitor x0, +0, Substituting these values of x and = into 
formula (2.25) wewill deternine the limit value of the quantity Goe and 
then eS ee 
55 
ya =Ven =. (2.38) 


if the expression obtained is substituted into the equation (2.22) and 2 
is expressed in terms of x, we will obtain the following equation of the 
asymptote of the curve x(T) 





e op Ly 
w 24 B(14 Fea) tteO (2.39) 
With kt +2B-+Y1 + 2B) (2.140) 


the asymptote becomes aperiodic and, consequently, the curve x(%) will not 
have zero and negative values in the interval OCT <00, With an ideal 
commutator (i.e. with R40) the condition of discharge aperiodicity has the 


following form a 
R> aft 
(2.11) 


or E 8 
bkgc— 
< >: 


If the condition (2.1) is observed, then the condition (2.0) will also be 
observed, and with an increase of B the condition (2.40) approaches (2.1). 
This is explained by a decrease of the effect of the spark resistance. 


We will determine the effect of k on the pulse itude. When k=0 
the pulse amplitude can be determined by the formula (2.31). From the equa- 
tion (2.25) we will express qp in terms of x, &, B and k and wil) take 
a derivative of @ with respect to x. Taking the equality (2.27) into ac- 
count we will assume that at the point where Zy=Zy max the derivative cad =0, 
In doing so, we will obtain ax 


Zuaat eat - idnas: Raster = ai (2.42) 
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In order to determine the pulse amplitude it is receesary to know 

when kw0. When the values of B are large the curve 2(x) has 
a t maximum. Therefore, in order to now 2 it is sufficient to 
determine X,., only aporoximtely. Formula ( By obtained for keO may 
be used for its approximate determination. The validity of the formula 
(2.42) for Bx), and k=V2 to 10\/2 was verified by the graphs shown 
in Wedzel's work /707. This verification showed that the largest error 
is about | percent. Thus, the use of the formulas (2.2) and (2.30) for 
the determinction of the puiss amplitude givee a good correspondence with 
the results of exact calculations. 


We will reduce formula (2.42) to a form mre ere for vse by 
substituting the parameter k with the parameter Aso (see Par. 2.2) 
and substituting Xa, from the expression (2.30). In doing so, we will 
obtein mae 

z aay 1+ 2B—( + aay 
p 28 (2.43) 


x [} - ete | . 
Vd) + 2By = 2A By wag 


Par. 2.l;. Determination of the Pulse Parameters With Account Taken of 
the Load Capacitance 


The load and wiring capacitance C, in the substitution network of 
a discharge circuit have to be calculated in the generators to obtain rec- 


tangular pulses when the load resistance Ry is high. In doing so, a re- 
sistance Rq is inserted in the circuit to damp the oscillations at the top 
of the pulse. The capacitor C is ao with a source of infinite power 
having a voltage Up (see Figure 2.2d). 


If the duration of the leading edge of the pulse on the load 
&<R,C,. (2.4) 


° 


then the current during the commutation period tp Kip and, consequently, 


the effect of the resistance R, on the process in the circuit may be ne- 
glected and it may be considered that R,=Co. 


If the discharger is to be considered an ideal commutator (i.e. Ry=0), 


then the value of the damping resistance Ry found from the condition that 
AS percent (see Figure 2.lc) is determined from the relationship 


Re 2£(~ 4). (2.45) 


When ths equality (7.45) is observed the duration of the leading edge of the 
pulse between the levels of O-l1 is found from the following formula 


(2 oe. s (2.46) 





We will analyze the effect of spark resistance on the pulse parameters 
when the condition (2.4;) is satisfied. For the sake of analogy with the 
celculation given in Fer. 2.3 we will omit the subscripts "n" and %d® aft > 
the © and R. 


Differential equation of the current in the circuit (see Figure 2.2c) 
will be written as follows; 


Rit Risb th 4U,=Yy, (2.47) 


After the transformations of the equation (2.1,7) siuilar to those carried 
out in the derivation of the equation (2.22) we will obtain the following 


z az": 
{7 + 82th 4251. (2.48) 
The same notations have been used as in the preceding paragraph. The differ- 


ences consist only in the connection betveen Z, x and ‘%, and also between 
2, y and x. In this case "y 





. as : 
SS ee 5 ; (2.49) 
ee ee 
Bgtiee _ (2.60) 


The equation (2.47) may be reduced to the following form 


(2.51) 
ie 2s ( 8% \ 2 4s 
5 29 Pee (St) +2 Se 
where Q=y“. 
After determining the relationship P(x) from the equation (2.51) 


the relative voltage on the capacitcr xt) with which we are concerned will 
be written as follows: 





me dx (2.52) 
eo a dans + const. 


Like the equation (2.25) the equation (2.51) is not solved in the general 
form. An idea of the curve x(t) (sea Figure 2.ic) will be sufficientiy 
complete if the voltags horn at the vertex of the pulse 4 and the steepness 


=~ iQ 5 








of the leading sdge = are knom. First we will find the condition with 
which 4s. For this purpose, it is necessary to determine yee (F=0 ; 
x:0) from the expression (2.51), substitute it into the inequality (2.40) 
and find aperiodicity condition of the curve x(t). As in the preceding 


case, it turns out that this condition is the insquality (2.40). However, 
Sulfillnsnt of the condition (2.0) is not always expedient since this leads 


B 
to a decrease of the stecpness of the leading edge of the pulse. If a 


or neV2 » then the steepness is higher than with the condition (2.10) and 


the horn Z\4s equal to l; percent even in the most urfavorable case when Rys 
=). 


We will determine the maximum steepness of the leading edge of the pulse 
ax 


) for k=0. For this purpose, with k=O re will find @ from the equation 
(2,01), take a derivative of q@ with respect to x, after which taking inte 


account the expressions (2.48), (2.49) and (2.51) we will obtain 
ax =aa ——— 1 =) (2.53) 


ds B 1-22 +4E= ) 








ax 
If a derivative of Sm with respect to x is taken and it is equated to zero, 
then we will determine the value of x, at which steepness assumes the maxi- 
mm value naan 


yy / (+ 2B) — (1 + 2B)" 
Xy _— 1 V 3B . (2 5) 


ax 
Substituting this expreesion into the formula (2.53) we determine (2), =f(B). 
di 
To determine Fi), when k 0 wo will substitute S=% = = into the equal- 


ity (2.51). Next, we will express @ in terms of B, k, x and = > We will 
take a derivative of @ with respect to x and equate the terms containing 
x" to zero: 





(2). =4(- ———). 
a : i ean SaaS) (2.55) 


If x,2£(B, k) is known, then (#). 4s determined by solving the transcen- 
dental equation (2.55). The value of x, can be determined approximately 


by proceeding from the following. The = vs x characteristic has a flat 


Nice 





maximun: rhen X=%,- Therefore, steepness in the region close to x, de- 
pends little on x. It is sufficient to find only an approximate value of 


Xm in order to determine (= >) with high accuracy. 

It is possible to find the value of x, approximately considering 
thet with one and the same B x, is not dependent on k, determine x, 
with k=O by formula (2.54) or find +, considering that R=. 

As the numerical solution of the equation (2.51) indicates, with 
BSS the best results are obtained in determining x, by the first method. 
In Table 2.1 are given the values of g s) obtained with an exact and ap- 


proximate determination of x when the equality pe: is observed. 


V2 
Sable 22. 
B | 0 1 | 2 | 4 
(4), 0.300 | 0.2038 | 0.1438 | oom 
daz: oa reek eats eatarr a 


pec © Onpeaenresca v3 nepaoro ycacanua. 
S¢ Towoe suavenre x, . 


0.360 | 0.200 | 0.161 | 0,120 


Key: (1) Determined from the first condition (2) Exact value of x, 


As it follors from Table 2.1 the difference between the exact and 
approximate values cf tha maximum steepness does not, exceed one percent. 


To determine the maximum steepness of the leading edge of the pulse 


3 
with the conditions of "x7 and B€5 the following empirical formula 
obtained from the formulas (2.54) and (2.55) may be recommendeds 


ae 
(2) ="oe,2 ['- — 0,6876 £5 + 0.2493 ee) 
* P 


— 0.0312 VRC ey, 





(2.56) 


2 

whers Up, is the voltage of the source; gx b. 
ad, 
0 


230 a 





Formulas for calculating the pulse parameters according to the condi- 
tions in the discharge gap and circuit parameters were obtained in Par. 2.2- 
2... It follows fron formulas (2.33), (2.17), ete. that to decxease the 
duration of the leading edge of the pulse :.t is necessary, with other con- 
ditions being constant, to decrease first «f all the values of the spurious 
parameters L and C. But if L and C are negligibly small, then the 
duration of the leading edge tp will ba determined by the spark resistance. 
In doing 30, to decrease tr 4 is necessary to decrease the time constant 
of the discharger 


9.8 
all 


Wo will examine the methods of decreasing the ©. As it follows from 
the equation (1.4), for the right branch of Paschen curve the breakdown volt~ 
age increases with an increase of pS. Ina certain range of pressures Up= 
=const when pSsconst. We may write PS=p)So where Pp) is pressure cor~ 
responding to normal conditions and usually taken to be equal to one atmos- 
phere; Sy is the length of the epark gap at the atmospheric pressure and 
the breakdem voltage Up. 


Then we obtain s=—® 
? e 
o—-25" 
. ap Uy *- (2.57) 


Consequently, to decrease the @ it is necessary to increase the pressure 
in the discharger p with the UW) being constant. This conclusion agrees 
with the experimental data cited in Par. 1.3. 


A very rapid increase of the breakdown voltage with a decrease of pS 
is observed in the left branch of Paschen curve (see Figure 1.1). If it is 
assumed approximately that 


Ug=n =- mp 
where n and m are certain constant quantities, then 
St 
-_ (2.58) 


a(n—mpy 
With an invariable pS the denominator tends to "an" with a decrease in the 
pressure B while the numerator continues to decrease. This leads to a de- 
crease of 6 This conclusion is in qualitative correspondence with the re- 
sults of investigations of low-preseure dischargers /75/. 


If a pulse breakdorm of the discharger takes place when p=const and 
the voltage is higher than the static breakdown voltage Urs then 





=e 





U,= pu,, 
and eV, Pp 


{0p=pr=breakiown/ (2.59) 


Consequently, with an increase of overvoltage $ in the gap the valve of 9 
decreases, which leads to a decrease of the duration of the leading edge of 
the pulse. This is confirmed by experinental data given in Par. 1.3. 


If in the expression for @ the numerator and denominator are divided 
by s* anda p=l atmosphere is taken, then we will obtain 


2 ‘ 
= (2.60) 


where E is electric field strength at which a breakdown of the gap takes 
place. 


It follows from formula (2.60) that the value of @ can be controlled 
by selecting a gas with different coefficients "a" --d the strength E. In 
addition to this, the value of E changes witha. ferent shape of the 
slectrodes. In the case of electrodes with a nonuniform field in the gap 
the averege value of E is smller than in a wiform field. Consequently, 

chould increase with an increase in the degree of nonuniformity of the 
field in the discharger. In the work /657 it is show with the point-to- 
point electrodss the comutation time ty, exceeds the ty, with the sphere~ 
to-sphere electrodes. 


A decrease in the value of 9 at a constant pressure p with a de- 
crease in the length of the spark gap should be expected from formula (2.60) 
since in this case electric strength of the gases E increases. In Table 2.2 
are given the values of the field strength E at which a breakdown of the 
gap in the air takes place according to the length of the gap S ina uni- 
form field /29, 76/. 














Table 2.2 
Siem] 1 | 0.1 | 0,06 | 0,01 | 0,006 | 0,001 | 00005 
jE. RW 31 | 45 | 53 | 97 | 125 | 400 | 700 





With a decrease of S from 1 to 0.01 the value of E increases ap- 
proximately threefold while the value of @ (and consequently also the con- 
mutation time ty) decreases in this process by nearly one order. This con- 
clusion is confirmed by experimontal data /637, However, this effect may Le 
utilized only with low pulse amplitudes. 


The relative parameters of the pulse depend on the coefficients which 
mite @ and the circuit parametsrs. For the substitution network (see 
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Figure 2.4. Curves of the relationship 
of the time %o g to the value of B: 


l — experimental; 2 -— theoretical. 


Figure 2.20) such a coefficient is A, and for the networks in Figures 2.2c 
and d -- B and k. It is of interest to verify this experimentally. In Fig- 
ure 2.l) are shown the curves of the rolationship of the duration of the lead- 
ing edge at a level of 0.1-0.8 to the coefficient B for the substitution 
network in Figure 2.2c. The value of the parameter B was controlled by 
varying the py Rn, C and Up. The discharger was in an air-filled coaxial 
metal charber. An LO could be considered in all experiments. Also shomm 
here is a curve obtained theoretically from formulas (2.28) and (2.29) by 
eliminating x with an asl. Experimental points lie around the curve which 
runs close to the theoretical curve. Thus, in the first approximation it may 
be considered that the value of t, depends only on the final value of B 
regardless of the character of the variation of this coefficient. 

















CHAPTER 3. METHODS OF DECREASING THE DURATICN OF THE LEADING EDGE OF A 
HIGH-VOLTAGE PULSE 


Par. 3.1. Capacitive Correction of the Leading Edge of a Pulse 


In a generator witha shaping line, insertion of a noninductive capac- 
ltcr (Figure 3.l1a) parallel to the shaping line can be used to decrease the 





Figure 3.1. Diagram of capacitive correction of the 
leading edge of a pulse in a generator with a shaping 
line (a), substitution network (b) and substitution 
network of the discharge circuit of a generator with 
shaping Co and correcting CG capacitors (c). 


duration of the leading edge. The substitution network of this device with 
account taken of the inductance of the discharge circuit is shown in Figure 
3.1lb. We will replace the comautation characteristic with the following 
exponential 


Ee (361) 


In the case of unit voltage, the voltage across the load may be written 
in operator form according to the dimensionless operator ef as follows: 
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Ag+ 


Mee eee (3.2) 
where 
B=a,2C, b= %. (3.2') 


2 
When ob >1 the original h(t) has the following forr 


<1 B-1 — __Bb-b4B 
A= > [: +25 psa ®) «~ Be—b—B 43% 
—tt sh(etig - 
me ae |. | (3.3) 
where : 
gaat): «=| VCH — OB, c= ag; 
2Bb 280 ' 
(323°) 
the = ——2892(80—6+B 


Bw —3B% —#+B+4Bb ~ 
The factor 4 in the expression (3.3) indicates that in a setwork with 


a shaping cable the pulse voltage decreases by one half in comparison with 
the charging voltage. 


When oye <1 the hyperbolic sines and tangents in the equality (3.3) 


are substituted with trigonometric sines and tangents, and in the expression 
for w the s under the root is changed to the opposite sign. The char- 
acteristics h(*%) for b=0 ard different values of B are shom in Figure 3.2a. 


With an increase of B the duration of the leading edge decreasis but 
with lurge 3B a spike Aappears at the vertex, which distorts the sha f 
the pulse. The maximum of this spike may be found from the equation Ae s0 


In Figure 3.2b are shown the curves of the relationship of the duration of 
the leading edge Tp to B and b. We will determine the optimum value of 
the parameter B at which Awx5 percent. For this purpose we will substitute 
T=T and n(t)=b0 + A(t)}] into the equation (3.3) and find the curve of 
the correction boundary B=f(b) (see Figu‘e 3.2b). The optimum value of the 
capacitance C may be found from this curve. When O0€b<2 the value of 


= 0.63 §&—o9,19 ——, 
== 0,63 - —0,19 —. (3eh) 
With L=O and the optimum value of C the duration of the leading 


edge decreases by more than one half. It follows from Figure 3.2b that the 
effectiveness of correction decreases with an increase of L. When L>t,Z 


correction hardly decreases the duration of the leading edge of the pulse. 
A decrease of the duration of the leading edge of a pulse using the 
arrangement described is possible in a network with a shaping line. However, 
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Figure 3.3. Substitution network of a 
discharge circuit with a compensating 
capacitance (a) and voltage character- 
istic across R in the case of an ideal 
commutator (b). 


correction network with a large shaping capacitance when it can be replaced 
with a sources of infinite power (see Figure 3.1lc) follows directly from the 
substitution network (see gure 3.1b) when 10. 


When R ,8Rp the analysis of this network will bo the same as in the 
network in Figure 3.lb. In addition to this, owing to a decrease of the pulse 
amplitude by one half the tp decreases by more than one half. 


When using a corrective capacitor the duration of the cutoff increases 
owing to a protracted discharge of the capacitor. 


If it is necessary to obtain high-voltage pulses with a steep leading 
edge, flat top and long duration, then paper ojl-filled capacitors with a 
large capacitance are used. The self~inductance of these capacitors (see 
Par. 5.4) is high. This prevents the obtaining of a short leading edge. In 
addition to this, sometimes small dimensions of a discharge circuit cannot 
be used, for example due to the necessity of obscrviug insulation distances 
in the case of very high voltages. Recause of this, the inductance of the 
circuit will be high and, accordingly, the duration of the leading adge of 
the pulse will be long. 


The effect of spurious inductance on the duration of the leading odge 
of the pulse may be decreased by inserting a noninductive capacitor between 


= hips 





the high-voltage electrode of the commutator and the rounded lead of the 
load (Figure 3.3a). 


In Figure 3.3a Iq is inductance the effect of which has to be elin- 
inated, and Ly is inductance remaining in the circuit. 


If I4>L, and C,Ycp, then in the first period after the operation 


of the comutator for the load the primary current will be provided by the 
capacitor Cp and not by the shaping capacitor whose current will be lim- 
ited by the high inductive reactance Inp. If a sufficiently large value 
of Cy was selected and it does not have time to discharge considerably in 
the period of shaping the leading edge, then the duration of the leading 
edge of the pulse in the case of constant load will be determined only by 
the inductance Lp. However, cscillations may appear on the top of the 
pulse in this case (see Figure 3.3b). To evaluate these oscillations we 
will examine the transient in the circuit shown in Figure 3.3a. The voltage 
across the resistance R for an ideal commutator with unit voltage on the 
shaping capacitor has the following form in the operator form 


e: Bg+1 35 
)= Sepa bg ster (3.5) 
whera 
eg SPE apa, oh fae 
fara Pea) eae 305°) 
It follows from the condition (3.5) that when the values of B are large 
ne 
eG bqg+i ° (3.5") 
or 
ens (3.5""") 
A(t)=i~e Ga. ‘ 


Consequently, the duration of the leading edge cf the pulse tr=2.2 2 
with account taken of the commutation time t, can be determined from the 
equation (2.3) since the transfer characteristic h(t) tends to a monotonic 
characteristic when 3B are large. 


The value of B has to be determined from the condition for permis~ 
sible dip QV at the top of the pulse. In doing so, we will determine the 
characteristic h(t) for the case of oscillatory process in the circuit. In 
the case of aperiodic process the capacitor C, has time to become already 
discharged on the leading edge of the pulse. We will determine 4 when b@i 


e 





bia ines 2S, eat Bi : (3.6) 
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where 


R 
Cxt— 
Ly 


The distortion of the top is brought about by the second addend of this 
equality, 1:0. = 


£ 


Spey 2 ~B fei 


asa e nS (3.7) 

If a derivative sate is taken in this equition and equated to 
zero, then tne highest amplitude of the spike AX(%)=4, corresponds to 
the smallest value cf ‘T=, found from this equation. To decrease A, 
it is necessary first of all to decrease the amplitude » 1c@. to 





uB- 1 
increase B. The following formula may be used to determine the value of A 
when A, percent 





A= = ye «8 

VE" Yen’ (3.8) 
In doing so, the value of ‘%, is determined van the formila t,nEVE 
cr 


The relationships (3.8) and (3.9) were obtained for b€1. However, 
a detailed analysis of the original of the representation (3.5) indicates 
that in all of the cases used in practice (A,<10 percent; b<€0.5) these 
relationships give a good approximation. This «nalysis is complicated and 
is not given here. 


With the aid of compensation method the duration of the leading edge 
of the pulse (when R40) can be decreased for the network shown in Figure 
2.2b by 


t 
1 th isp 


and for network in Figure 2.2d by 


times, 


a Vin(ti + Ie) l¢bd ee 
eS ren enone OF aces Be 
*t2 Toc, b 


In concluding this paragraph we will examine the problems of the cor- 
rection of puise shape by selecting the value of the shaping capacitor. 


oo 





It was pointed out in Par. 1.3 and 2.2 that the steepness of the 
commutation characteristic of the discharger changes with time with the 
steepness being very marked at the start of the commutation and sharply 
decreaging at the end. If a line is used as a shaping device, then with 
small spurious parameters of the discharge circuit the leading edge of the 
pulse will iterate the comnutation characteristic. In this process the 
duration of the leading edge between the levels of 0.1 and 0.9 will be long 
with the greatest portion of the leading edge being betwesn the levels of 
0.9 and 0,8 of the amplitude. Another important drawback of a network with 
a Shaping cable is the decrease of the pulse amplitude by one half in com- 
parison with the charging voltage. 


We will introduce the following coefficient for the characteristic 
of the region of transition from the leading edge of a pulse to its top 


to.8 
- to.9 


where to g is the time for the increase of the voltage on the leading edge 
of the pulse from 0.1 Ug to 0.8 Uy, and ty,.9 — from 0.1 Ug to 0.9 Ug. 


In a network with a shaping cable with A=O the coefficient aA%*0.33 
(see Figure 2.3a) whereas for and ideal rectangular pulse Qi=l. By select~ 
ing the value of the shaping capacitor the o may be increased and tp de- 
creased by means of a small decrease of the amplitude in comparison with the 
charging veltage. This method of correction is based on the circwastance 
that in the period of slow voltage drop on the commutation characteristic 
the vcltage in the capacitor also drops owing to a partial discharge. Because 
of this, the transition from the leading edge to the top of the pulse takes 
place more sh:rply. In Table 3.1 are given exparinental data on the effect 
of the value of the shaping capacitor on the pulse parameters when the air 
pressure in the discharger p= atmosphere, charging volta,e Ug=15 kv, the 


load resistance is 75 ohms and inductance of the discharge circuit is less 


than 10~ henrics. ‘ith the time t, the pulse voltage assumes the maximum 
value equal to Ug, and with the time £10-9 st drcps on the pulse tail to 





0.9 Ug. 
‘ eehvapROAT | KaGcan | ©-2000 C-1000 C500 c250 | Table 3.1 
1 SACMeKT | PR3 | nds ng ned ng 





Uy «a KV 15 13.4 13 11,3 8.6 
fog. neex neec 7,5 6.8 6,4 6,3 5,6 
fog REER 21 8,3 7,5 71 6.9 
Cog. Mcex = 47 27,8 19,1 12,8 

‘ 0,36 | o.s2 | 0,85 | .,0 | 0,81 


lage NLEK 90 | 32 20,3 15,4 10.9 








| Key: (1) Shaping element (2) Cable RK-3 (3) pf=picofarads 
| aaa 
| 





It follows fron Table 3.1 that when C=2,900 picofarads the pulse amplitude 

is only il percent “ower than the charging voltage. Tha coefficient & ap- 
proaches unity and the leading edge of the pulse is nearly three times 
shorter than jn a network witi: a shaping cable. The shape of a pulse ob- 
tained in a network with a capacitor is not always acceptable owing tc the 
slow voltage drop on the tail. Ry using circuits for shortening the pulse 
duration it is possible to obtain pulses approaching in shape the rectangular 
pulses. We will assume that the voltage drop at the top of the pulse is ten 
percent relative to the cuplitude voltage. For the case examined in Table 3.1 
te=to,g=te=8.3 nanoseconds, tytg 9 + t'o,.9255.3 nanoseconds. It is assumed 
that the duration of the cutoff t,,7#tr (see Figure 2.la)- The duration 

of the leading edge will amount only to 1/7 of the duration of the entire 
pulse. In most cases this satisfies the requirements demanded of the rec- 


tangular pulses. 
In Par. 2.3 it was shown that witn a small inductance of the discharge 
circuit all parameters of the pulse depend on the value of BeR,C —, . mm 
2pS 


the basis of the data in Table 3.1, to obtain a pulse approaching in shape a 
rectangular pulse it is necessary to have a B}100 or 


-200 p S* (3.10) 
C2 aUSRs i 


Pare 302, "Peaking" Spark Discharger 


To decrease the duration of the leading edge of a pulse a spark dis- 
charger P is sometimes used, which is inserted in series with a long line, 
usually a cable (Figure 3.la), over which tne pulse propagates. The latter 
creates considerable overvoltage in the discharger and upor its breakdown the 
leading edge of the pulse is shortened. Overvoltage is created owing to a 
delay of the breakdown of the gap of tne discharger P and owing to a doubling 
of the pulse voltage, as in an open lins. 


These dischargers were given the name "peaking" dischargers. At the 
present time they are used to obtain pulses with a leading edge of the order 


cf 10°20 seconds and an amplitude of tens of kilovolts (see Par. 5.7). 


An equivalent network of the discharge circuit of the "peaker" for 
the period of the conversion of the leading edge of the pulse is shown in 
Figure 3.l:b. The network has no self-inductance of the discharge circuit 
since the peaker chamber is usually well matched with the cables In and Ip. 
For the simplicity of the calculation we wil asume that voltage on the lead- 
ing edge of the primary pulse increases in accordance with the following lin- 
ear law 


U= “i (3.11) 
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and the voltage at the top of the pulse remains equal to U, (Figure 3.5) for 
and infinitely long time. 
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Figure 3.4. The circuit diagram of the 
peaking spark discharger (a) and the sub- 
stitution network of the discharge cir=- 
cuit (b). 





Figure 3.5. On the calculation of peak- 
ing of the leading edge of a pulse. 


The duration of the leading edge of the pulse at the output tr (see 


Figure 3.5) depends on the overvoltage which is brought about by the delay 
time of the breakdown of the peaker tz. ‘The latter depends on the duration 


of the leading edge tr. With other conditions being equal the time tz 
tdelay_’ depends on the length of the gap S and bears a statistical character. 
e longer the +t, the higher the voltage U, at which the gap breaks don 


and the shorter the length of the leading edge of the pulse t£o9 and vice 


versa. It follows from Figure 3.5 that if with the shortest of tne possible 
tz, the breakdown occurs at the point n, then regardless of the value of tz, 


the breakdown voltage remains equal to Ug. The smallest value of tz is 
equal to +t, — the discharge-formation time. Therefore, the condition 


[ep=tp=discharge-formation time/ ti=t, (3.12) 


She 


fe en ee EOE NEA PECTED 


corresponds to the highest stability of the values of tfo° 


We will show that when condition (3,12) is satisfied the welue of tf 


turns out to be minim]. Indeed, if the breakiown of the gap takes place 
at the point un, then taking into account the doubling of the voltage due 
to the reflection of the wave from the peaker and taking into consideration 
that ps] atmosphere, we obtain (see Par. 2-2) 


aS : 
fgcm aQuy . (3 13) 





where m depends on the method of determining the duration of the leading 
edge of the pulse. 


If the length of the gap S ir increased and consequently that of 
tg also, in such a manner that the breakdown takes place at the point n", 


then the breakdown voltage will not change but tf, will increase owing to 
a decrease of the overvoltaga. If S is decreased so that with tz,=t, the 
breakdown would occur at the point xu’, then tf, will also increase owing 
to the increase of t"p, «and of the voltage in the gap in the period of the 
commutation of the cischazger. Thus, the values of S at which t£o is min- 


imal is also determined from the condition (3.12). Henceforth wa will indi~ 
cate this value of S by S). 


an the breakdown on the leading edge of the pulse the discharge-forma~ 
tion time is determined, by formula (1.26) which with the condition (3.12) will 
assume the following form for our case 


te, = ls Su + 2,44S,)-10¢ tet 


[052097 | a (3.14) 


* 1690S" = 
WC, (2U, — 2.49-10- Sy) 


where 
hte, 





UU, 


The value of +t. is determined from Raether condition (1.3). With the pulse 
amplitudes Ua2d to 50 kv the characteristics S,=f(tf, ) found from the con- 


dition (3.1:) my be approximated with the curves of the following form 
S,= 70,6, , (3.15) 


where 21.9 » 1072; 620,21 if U, is expressed in kilovolts and tg, in 
nanoseconds. 
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To determine the relationship of tr, to ty, we substitute the 
values of S, from the expression (3.15) into the equition (3.13) 


fw=ue, (3.16) 


where 


(3.16') 


It follows from the expression (3.14) that the value of tr, is dependent 
on tp, and is not dependent on the pulse amplitude. To decrease tf 
it is necessary to decrease ty, with the pressure in the discharger deing 


constant. i 
tg 
The peaking efficiency Kaan decreases with a decrease of tEo- 
te 
2 


‘cording to the work /787, to obtain a pulse with U,20 kv and t,,90.6 
nanosecond the value of k,7w3. 


It follows from the equality (3.16) that with atmospheric pressure in 
an air peaking dischurger, to cotain a pulse with a duration of the leading 
edge tr €10°9 seconds it is necessary to have a tey of the same order as 
fos To create a generator of primary pulses with such a short leading edge 


is very difficult. Sometimes the pressure in the discharger is increased to 
increase the tp). 


By increasing tre pressire of nitrogen in the discharger to 100 atmos~ 
pheros with U,=20 kv and tp,=0,3 nanosecond Fletcher if increased the 


peaking efficiency k, approximately to 60. 


To increase k, it is pussible to make use of the method of succes- 


Sive peaking of the leading edge of the pulse when eeveral peaking dischargers 
connected with lengths of cable are installed. If a pulse with a leading 
edge of tf, comes over the line In, then in the line L, we will obtain 


“be = ot. (3.17) 
where n is the number of dischargers. 


The method of successive peaking may be used even when the value of 
try is of the order of several microseconds. With such a great length of 


the leading edge of the pulse the overvoltage during the breakdown of the gap 
P, wili not exceed unity. 


It follows from Figure 3.5 that 


= Go 








‘te=t +t —t, (3.28) 


where 


are 
[5,aUy=overvoltage/ = oy, tee (3.29) 


The value of t'p is approximtely equwl to t, — to the camuta- 
tion time of the discharger in the case of a static breakiom. With pal 
atmosphere the value of tyetin2l0~ second and Gepende little on the break 


down voltags and with p>1 atmosphere the time weg 
Pp 
If in the formla (3.19) the voltage Up is substituted with its 


value expressed by the product of pS (Paschen curve), then 


t f 
t= + tal ~ $s (3.20) 


It fol2ows from the eayression (3.20) that if by varying the pS the second 
t 

term in perentheses approaches 1, then ter, This is achieved by increas~ 
P 


ing the S until the beginning of stable breakdowns of the gap. Consequently, 
even with ps] atmosphere, by controlling the S the tp can be decreased to 
10-8 second with the aid of the first peaker. The further decrease of tr 
takes place after the subsequent peakings. 


Investigations showed that with the use of three peakers the duration 
of the leading edge of a pulse with an amplitude of U,=30 kilovolts decreases 


from 0.8 « 10 t¢ 10° second. ‘hus the peaking efficiency k_22800. 


Practically any primary pulse has a duration limited sither by a volt- 
age drop owing to the discharge of the shaping capacitur or by the length of 
the shaping cable. Therefore, statistical variations in the breakdown of a 
peaking discharger will vary the duration and amplitude of a pulse. To sta- 
bilize the operation of a peaking discharger it 1s necessary to use ultra- 
violet irradiation of the catiiode or other methods of sliminating the statis- 
tical lag. 


Pare 303. Artificial Lines With Nonlinear J; and C Elements 


One of the effective means of increasing the steepness of the leading 
edga of the pulses is the use of lines with nonlix.ar inductance or capaci- 
tance. There are materials in which a decrease of magnetic inductivity takes 
place with an increase of the current or a decrease of specific inductive ca- 
pacitance with an increase of electric field strength. Ifa line is made up 
of such materials, then the propagation velocity of an electromagnetic wave 
increases with an increase of the voltage. In a propagating wave the points 
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with a large voltage will be *overtaking® the points with a smaller voltage 
and the length of the leading eds3 of the pulse will decrease. 


We will examine the propagation of a ne linearly polarized wave 
in a hosogeneous isotopic nonlinear medium /797. Wewl). consider that in 
a Wave propagating along tne axis 3 magnetic field is oriented along y 
and electric field — along x. If a change in the fields takes place suf- 
ficnetly slowly, then the connection of magnetic field strength H with 
magnetic induction B and of electric field strength E with electric in- 
duction D is not time-dependent and is defined by the following functions 


By =B(H,); D,=D(E,). (3.21) 


If we Jimit ourselves only to the nonlinearity of the first relation- 
ship in this expression and consider the second a linear IEE, then the 
solution of Maxwell equations will assume the following form 





H 
K=f|Z et : = (#) (3.22) 
s{ + |: E A 20D dH, 


dB 
there c is the velocity of light in vacuum; (A) =35 » and f(€) is an 
arbitrary fumction defined fre cundary conditions. 


Solution of the equation (3.22) describes traveling waves each point 
of the profile of which moves at a velocity which depends on the magnitude 


of magnetic field strength at this point yu . If pH) isa de- 
6H) 
creasing function of H, then the points cf the wavefront where H is larger 
in absolute value, will pronagate ata higher velocity. Because of this, the 
wavefront of the magnetic field strength H will decrease and the droop will 
streten out. Starting with a certain instant +t an infinite derivative will 
appear in the function H(t, 2). This indicates the appearance of an electro- 
magnetic shock wave. Theoretically in this case ter053 however, in practice 
the value of t, is always larger than zero and is determined by the prop- 
erties of the medium in which the wave propagates. The condition relative 
the characteristic B(H) is satisfied, for example, in ferrite magnetized 
to saturation by a longitudinal (in relation to the direction of the weve 
propagation) uniform magnetic field Hp. 





I. G Katayev £60 suggested using the phenomenon described in an 
artificial line with nonlinear L or C_ to increase the steepness of the 
leading edge of the pulse. In doing so, pulses with an amplitude of several 


Kilovolts and duration of the leading edge of (0e3 to 0.5) 10°? sec were 
obtained in a line with inductances wound on ferrite cores and with linear 
capacitances with the field in the ferrite being 500-700 oersteds. When using 
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a line employing ferroelectrics it is possible to obtain pulses with a lead- 
ing edge of only a few nanoseconds owing to the small breakdown strangth of 
the ferroelectrics which prevents an increase of E and a decrease of &. 
The work /80/ shows the feasibility of using nonlinear capacitances of n-p 
junctions for the purposes indicated. However, in the latter case it is 
possible to obtain pulses with an amplitude of several. tens of volts. 


We will dwell in a greater detail on the operation of a line with 
ferrite coils L(I) and capacitances Co=const (Figure 3.6). An analysis 
of the operation of euch @ line was carried out by I. G. Katayev. 


in deg L 


[* Uu, * rl" 


Figure 3.6. Diagram of an artificial line 
with noniinear incuctances. 


if there is no mutual induction between the cells and the following 
conditions are observed 


—elehs ~ 
[hts le Ue (3.23) 


then by analogy with the formula (3.22) two simple waves will axist in the 
l=f(ttZVEGQC). - 


Z 
v= + | Y a. 


It follows from the relationships obtained that the propagation velcc- 
ity of the wave depends on the current. Therefore, in the process of propaga~ 
tion in a nonlinear long line the wave becomes deformed as in a continuum. 
With a decreasing characteric L({I) the wavefront will be becoming steeper as 
it moves in the line. If the character of the characteristic L{I) does not 
change, then a break appears on the wavefront which leads to a sharp decrease 
of tp in comparison with the input wave. 


(32h) 


If the field in the ferrite is uniform (for example, the core has the 
form of a toroid or thin rod) and the cores were brought up to saturation by 
and external constant magnetic field H,, then when the current of the wave 
is larger than a certain critical current the characteristic L(I) has a droop~ 


eBOne 








ing character. It can be shown that the following relationship is observed 
after the formation of discontinuity 


Uz .3 <0 at 


Where 1%, as v8 » %, are the tine constants of the cell beyond discon- 
tinuity, before discontinuity, on discontinuity respectively. The shortest 
possible duration of the shock-wave front depends on the relaxation time of 
the ferrite @) and the time constant of the cell %,. With the condition 
that ty€% for a ferrite core with a rectangular hysteresis loop the current- 
time relationship on the shock-wave front has the follewing form 


Apel , 

M 

e 

/ om : (3225) 
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I=], 


where A is relaxation frequency; pp —— coefficient dependent on the para- 
moters of the coil (for example, for a toroid pp0.4 Ser where n is the 


mmber of turns and Dy, — the average diameter of the toroid); M — mag- 


netic moment of a unit of volume ui saturated ferrite; 7, <- amplitude of 
the wave of surrent 


2 =e ee CM 226 
Le,=*5] Lah got. (3,26) 


in the last expression the value of ky depends only on the dimensions and 
design of the coil, Ip) is the inductance of a coil without ferrite. 


It follows from the expressicn (3.25) that the duration of the lead- 
ing edge between the levels of 0.1 arid 0.9 of the amplitude value amounts to 


nM 
=3 =a: (3.27) 


The delay time of one cell found from the formula (3.26) amounts to 
== LoCy+ ky & (3.28) 
Wave impedance of a long line does not depend on I bit depends on I, 
2=4/ thst , (3.29) 
Therefore, conditions for matching remain the same as in an ordinary line. 
Oscillations brought about by spin precession are superimposed on the 


shock wave in some cases. The duration and frequency of these oscillations 
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depend on the quality of the ferrite and on the degree of saturation. Oscil- 
lations increase with an increese of the cell's tim constant %,. 


It follows from the equality (3.27) that the duration of the leading 
edge decreases with an increase of the current amplitude. However, with cn 
increase of I, the oscillations on the top of the wave increase. To elin- 
imate these oscillations it is necessary to decrease %,. 


In the work is shown the feasibility of creating two disconti- 
nuities in a line the iuductance L(I) of which hasa falling and an ascending 


section. Thé I2st circumstance may be utilized for shaping rectangular 
pulses. 








CHAPTER 4. METHODS OF OBTAINING AND CONVERTING PULSES IN DEVICES WITK 
LONG LINES 


Introduction 


Tong lines find wide application for shaping short high-voltage pulses. 
Lable lines ars used for shaping, delaying, shortening of the duration and 
increasing the amplitude of the pulses. They are also used as noninductive 
loads. 


In analyzing tho network attempt was made to determine its basic char- 
actoristics without taking into account the attenuation of the waves in a 
cable since the last problem is examined separately in Par. 5.2. In accord- 
ance with this, wave impedance of a line Z, propagation velocity of the 
waves v and delay time per unit of length T are expressed by the well 
mown formulas : 


ee Si ge i eee 
ry ee oye Ye (4.1) 
T=/IC, ; 


Where c¢=300 metersfmicrosec is velocity of light; & and Mm are respectively 
specific Laductive canacitance and magnetic inductivity of the medium surround- 
ing the line. 


Par. el. Shaping of Pulses With the Aid of Sections of Long Lines 


We will exanine the diagram of a transmission line. In Figure la is 
shown the source of emf E with internal impedance 2). The source of onf 
is located at the point x=0 and supplies a line of the length Lb having 
wave impedance Z. The line terminates at the arbitrary impedance 29. The 
voltage at a certain arbitrary point A whicn is at a distance x from the 
start of the line may be written in operator form as foliows rT: a]: 


14 pee P72) (h.2) 


ipre ' 
1 — poppe PF 2) 
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where 








~ 442 ; NS or fo = Zaz (4.2") 


are coefficients of reflections from the end and the start of the lines. 





Figure 4.1. The simplest networks for shaping the 
pulses with the aid of long lines: pulse shaping 
network in a general form (a) with an open shaping 
line {Re $z) and with a short-circuited shaping 
line (c). 


r Naito impedance of a line terminating at an arbitrary load 2% is 
equa 


Legs eyi Zin 7 Las = se ° (4.3) 


Tue voltage across 2, will be written as follows: 


; s —29 71 
('—aj—o.(r+ eye 
(adores ose. (heb) 
— Pete © 
(4.2) (ie Sie examine certain particular cases which follow from the formulas 
2 = oly e 


1. If 2,"Z, Zou0, then 


Uz,(e) = 


4 t 
Us(p)=4-E|t — PTO Ah, (uel) 


Using the inverse Iaplace transform it is possible to show that 


eae 











U)= + {E — E(t — 2T1)). (4.5) 
where bi L -X. 


When Esconst a rectangular voltage pulse with an amplitude Vas 5 
and duration 4,=2Tl, defined by a double length of short-circuited section 
will appear at the point A. ‘The value of the load resistance inserted at 
the point A must satisfy the condition that R,>Z /RysRicag / in order 
not to disturb the matching of the line. 


Sending to the input of the line a pulse with a finite raie of the rise 
of the leading edge, for example 


t. 
ft ,=T.y%time constant/ E()=E(l—e 7), (4.6) 


we will obtain, after shortening, a pulse which from the instant of voltage 
rise to the instant of the fall-off (1.6. in the course of the tjme t,) will 
‘ described by the equation (4.6). If the time constant TV< — » then it 


may be considered that input voltage became completely stable in the time t4. 
Then, with t >t, the cutoff of the pulse will be expressed by the following 
relationship 


_t=Th 


U(Q=2 Ee I (4.7) 


If in the time t, the E(t) does not reach a value approaching a 
steady-state value, then the cutoff is described by the folluwing equation 


t Ti, 


U0 =LEe T. (e Te — 1). (4.8) 


In the cases examined the pulse amplitude turns out to be smaller by 
one half than that of the input signal. This is explained by the insertion 
at the input of the line of the impedance 2,82 which is necessary to quench 
a pulse reflected from the short-circuited end of the lins. Ifa 2,0 is 
taken, then no decrease of tha pulse amplitude takes place and numerous pulses 
reflected from the start and end of the line will appear following the pri- 
mary pulse. 


Additional pulses appear when 2=Z if the voltage at the input of the 
line E(t) is a pulse of finite duratio. For example, if the leading edge 
of a pulse is infinitely steep and the voltage on the top drops in accordance 
with the exponential 


dre 
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t 
E(ty=Ee %. (09) 


then the expression for the voltage of the additional pulse will assume the 
following form 
2T I, 


Ly yVasditiona? pulse7 U,(y=Lea—e *), (4.40) 


When T,P2TL, the amplitude of the additional pulse will be deter- 
mined from the following formula 


U,=E ait. (4.11) 


By varying L, and Ty, the amplitude of the additional pulse can be made 
as enall as desired. 


If a pulse of rectangular shape, for example with a duration %, is 
sent to the input of the line, then following the primary pulse a pulse sim- 
ilar to the primary pulse but having opposite polarity will appear after 
the time 7; = 2TL,. 


2. We will examine now a case when 2)2Z, Zo"0e, Esconst. In this 
case the expression (l.l:) will assume the following form 


Un ioy= E02 BT, (ua) 
or after transformation 
Uz, (p)= al — M(t 27} (4412) 


In this case the expression for input impedance will assume the following 
form 


= l. 
Z,=ZcthpT (15.13) 


The equation (4.12) describes a rectangular pulse with an amplitude E/2 and 
a duration of 2T/. It is easy to see that with the values of 2, and 2o 
indicated above the network in Figure .la changes into a substitution net- 
work with a shaping line as shown in Figure ).1b. 


The condition of equality of the load impedance and of the wave in- 
pedance of the line is not always observed in swh a generator. The ratio 
21/2 may prove to be somewhat larger or smaller than unity. To analyze a 


pulse when el we will expand the denominator in the ecression (l.)) 


into a series. The representation of the voltage across th. load will assume 
the following form 
(4.13') 


Uz, (p)=a,E(1— eT yf + pe PT! 


pete 4... 
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Inverse transformation leads to the following expression for the voltage: 


Uz, {t) = a, E (1 — V(t — 271) + eof (t.— 271) — 1 (t — 47%} + 


+ p,2{l(t — 471) — Ut — 67H —...}}, (4.14) 
where : 
1(At}= 1 ans 4¢>0, 1(4f)=0 ana 4t<o, 
Z, 
At=t—aTl,a=2,4,6..3 a= 725. (leD4' ) 


It follows from the expression ().14) that in the case of mismatching 
of the load impedance and of the wave impedance of the lines the woltage pulse 
has a stepped shape. These steps have one and the same signif 2, >2, or 
periodically change the sign if Z1<Z. In the general case the expression 
for the value of the k-th step has the following form 


Us Ez (SSE. (4-15) 


ze \2+h 
where k=l, 2, 3 ... 


When k=l the value of U, is equal to the pulse amplitude. The 
permissible ratio 2/2 is usually determined by the relative height of the 
second projection. If, for example, it is specified that Up must amount 
to not more than 5 percent of the amplitude, then 2,/Z assumes the values 
of 0.9 or 1.1, ise. the load impedance must be within the following range 


0.92 <%q <1.12. 


In addition to the network in which voltage is used for charging the 
line there exists a network with a short-circuited line, which is charged 
with current £53/ (see Figure ).1c). 


At first the line is connected to the power-supply source E anda 


current nae const is set up in it. At the instant +0 the commutator 


1 

K is moved from the position 1 into the position 2, the line is out off 
from the supply source and is connected to the Joad impedance equal to the 
wave impedance Z. The wave process taking place in this case is similar to 
the process in a network with a shaping line charged vith voltage but the role 
of the voltage waves in an open line is performed here by the current waves 
and vice versa. Consequently, a current wave will have an amplitude 1,3 
= and the duration tys2lT. 

The amplitude of the voltage pulse on the load impedance may ba found 
from the following formula: 


A 66 = 





) 
. 


=p pe tt 
Yawe= a. (11016) 


The advantage which a short-circuited line has over an open line fol- 
lows from this expression. When 2,€Z 4+ is possible to obtain a voltage 


pulse with an amplitude which considerably exceeds the voltage E of the 
power-supply source. However, owing to the difficulties connected with 
switching the comautator and with a prolonged flowing of the charging current 
large in magnitude, a network with a short-circuited shaping line is seldom 
used A 





Figure .2. Pulse shaping networks with 
two (a) and three (b) lines. 


The networks with the pulse shaping lines examined above are the sin- 
plest. The chief drawback of the first two networks is the small value of 
the ratio of the pulse amplitude to the voltage at the input of the network 


Which is equal to ey, More complex networks are used to increase this 
ratic. In Figure }.2a is shown a network with a two-step shaping line /§3/. 
Two identical lines with a wave impedance Z and a length [| are charge 

to the voltage E. In the time TU after moving the key K from the posi- 
tion 1 into the position 2 a voltage with an amplitude U,"—£ and dura- 
sion +t ;=2lT forms on the resistance Rp. 


In a network with a two~step line the shape of the pulse is somewhat 
less satisfactory than when using the usual shaping line since the procesa of 
pulse shaping takes a longer time (3TL instead of 2T) ina network with 
one line). ‘This leads to an attenuation and distortion of the pulse. 


In Figure l.2b is shown a pulse-shortening network formed by the con- 
nection of three lines. It is possible to show that if 2,2Z, lyslost, 2's 


uZ"=22, the line 1, is short-circuited and |, 4is open, then a pulse with 


«67 = 








an amplitude U,*8 and duration t,"21/ forms at the end of the open line 
(the point A). If E(t) is a pulse with a drooping vertex or a rectangular 
pulse, then additional pulses appear at the point A after the pimary pulse. 
When using pulses with a drooping vertex it is necessary to use the formula 
(4.11) to eliminate the additional pulses. 


In a network with three lines a pulse with an amplitude U,*2E my 
be obtained if a 2 *0 is used. However, in this case a train of additional 
pulses brought about by the reflection of the wave fran the start and end of 
the line will follow the primary pulse. This effect may be made use of only 
in the case when the reflected pulses are not interference. 


An important drawback of the networks shown in Figure h.la and 4.2b 
is that in order to eliminate the additional pulses it is necessary to in- 
sert an impedance 2172 directly at the output of the generator, which is 
undesirable at high voltages since this leads to an increase of the spurious 
parameters I, and C of the discharge circuit and to an increase of the dura- 
tion of the leading edge of the pulse. 


In Figure 4.3a is shown a network in which the suppression of addi- 
tional pulses is accomplished by matching the end of the line » If the 
ne'work parameters are selected in such a mamer taat 2190, 2982, 2332 
and Esconst, then upon the arrival of the wave inte the line there will be 
no voltage between the points "a" and "b" until the wave reaches the point 
"a", When the wavefront reaches the point "at the potential of this point 
will immediately increase to the value of E and voltage will be applied 
to the load Z3 until the wavefront reaches the point "b*. After this, the 


poteniiais of the points "a" and "bt will become equal and there will be no 
voltage between them. Thus, a rectangular pulse with a duration t,#lT and 
an amplitude U,"E appears on the load. 





Figure 4.3. Networks with the suppression of 
reflected pulses at the end of 
the line. 
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In Figure 4.3b is shown a notwork /5i/ the principle of operation cf 
which is similar to the principle of operat of a network with a loop. Two 
identical waves start propagating aimmtansously over the lines 1 ard 2 
after closing the key K but in the first Line the wave will reach the end 
of the load 2; (the point “e") faster than in the second since | <b. 


In the time LT a voltage & (if Z)*0) will be applied to the impedance 23 
but as soon as the wave in lina 2 reaches the point "b* both ends of the 
load 23 will prove to be energized by one and the same potential and the 
voltage across 23 will disappear. If 232, Z'sZ"=Z and Eeconst, then a sin- 
gle rectangular pulse without the following reflections a on 23. If the 
pulses propagating in the lines (see Figures l.3a and b) have a finita steep- 
ness of the leading edge and a limited duratio, then the evaluation of the 
parameters on the impedance Z3 may be done using the formulas (h.7), (4.8), 
(4210) and (4.11) having first substituted #£ with the value of E and 2b 
with the value of Lb, 


Networks with a loop and a double line have certain new properties in 
comparison with the simplest networks. For example, if in the network shown 
in Figure .3a a 2)=Z is used and 250, then two pulses of the same polarity 
with an amplitude EB/2 may bs obtained on %3. If not one but several loops 
with load resistances are mads in the line oi: if not one but several loads 
at certain distances from each other are connected in a network with a double 
lines, then pulses shifted by different time intervals relative to each other 
can be obtained on these loads. The main drawback of these networks is the 
existence of a potential relative to the ground at both ends of the load in 
the period of shaping the pulse. 


In a network with a shaping line, which has gained the widest use, 
the entire voltage in the spacing between the pulses is applied to the line. 
In the case of high voltages this leads to an increase of the insulation and 
dimensions of the cable. 
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Figure .4. Network with a parabolic line 
and a capacitor for shaping rectangular pulses. 


0. Ne Litvinenko By suggests insertion of a capacitor with the ca- 
t 


pacitance Cy in series with a parabolic line (Figure ll). Wave impedance 
of a parabolic line varies in accordance with the following law: 


«6 < 





Z (x)= Z(0)(1 - —.}' (4.17) 
and input impedance in the case of an open ond 


Z,,=Z(O)cthp 71— ——. zm) (4.18) 


where T is the time of the wave motion from the start of the line to a 
point with the coordinate x; "a't is a parameter characterizing the degree 
of heterogeneity of the line. 


Tt follows from the equation (.18) that if a 


can 

2(0 

is used, then the aggregate impedance of the capacitor and 24; will be 
equtl to the input impedance of a homogeneous line open at the end /see 
formula (413)7. Therefore, if a 7% 2=Z(0) is used, then a pulse will be 


shaped on the impedance 2, 4s in the case of a homogeneous open line with 
the parameters +t4>2t,, U,= 5: Since the capacitance of a parabolic line 


1 
Ls <i ine C, | Cdr = 75° an (-18") 


-  ¢ 
then the highest voltage in the shaping line UyjnpsH(1 - 4) where t, 4s 


the total delay time of the shaping line. Suh a shaping device cannot be 
used to obtain single pulses or pulses with « low repetition rate since the 
distribution of voltages in this case will be determined not by the values 
of the capacitances Cy and Cy5,,_ but by the leakage resistance of the 


capacitor and the Line. 


Par. li.2. The Use of Spark Dischargers to Decrease Pulse Duration 


In pulse-shaping networks with long lines the matching impedances de- 
crease the pulse amplitude and introduce high-frequency distortions (see Par. 
5.3). Spark dischargers are often used to eliminate these impedances from 
the generators. In addition to this, networks with dischargers and impedances 
which have certain valuable properties are sometimes used. A diagram of a 
caevice with a discharger and lines is shown in general form ir: Figure h.5a. 


We will examines first a case when 22 and 29208, If the break- 


down voltage of the gap of the discharger P is larger than £ but smaller 
than 2E, then in the case of a direct passage of the wave E the gap will 





as 

















Figure 4.5. Networks of the generators with 
long lines and dischargers for 
obtaining short high-voltage 
pulses. 


not break down but after the reflection of the wave from the end of the line 
(the points "a" and “b") the voltage on FP becomes equi to 2E and it breaks 
down. The breakdown of the gap of the P trings about a wave -E which 
after reflection at the points "a" and "b" removes voltage from the line and 
the load as a result of which a voltage pulse with an amplitude 2E and dura- 
273 is shaped on Z,. However, this pulse will be accompanied by additional 
pulses reflected from the discharger and from the end of the line |. Ifa 
b4=0 and Z)=00 are used and the length of the gap of the discharger P is 
set to be such that it would not break dewn under the action of the voltage 


Zz 
2E 7 alone but would break down upon the arrival of a synchronizing pulse 


I in the time t, after the arrival of the wavefront, then a pulse with an 
Z 


amplitude U,=2E a % anda duration t,t, will be shaped on the impedance 
Z. When 22 we have a U,s2E. A network is also usable when Lwo and 


ZZ, ZZ 87. In this case the voltage pulse on 2, has the following 
parameters: U,=E and ty,*t,. 


In some experiments it is necessary that the duration of the cutoff ter 
be much shorter than the duration of the leading edge tp. A network showm 
in Figure l.5a may be used for this purpose if 2,82, 43=0, the discharger P 
has a short commutation time and the load impedance 2,92. If the discharger 
F breaks down at the top f the pulse, then a pulse with a duration t,2éo? 
and an amplitude U,sF is formed on the imp-‘ance Zp» with the duration of 
the cutoff being determined only by the commutation time of tha discharger P, 


a fi = 





and tz — by the length of the section of the line by. To eliminate re- 
fLections in such a network it is necessary to match the generator end. 


Thus, pulse duration and its stability are determined by the value 
of tz. A delay in the operation of the dischirger P for a considerable 
time +t, may be accomplished by means of circuits for delaying tho syn- 
chronizing pulse which ignites the discharger P. As a xule, the initiation 
of this pulse coincides with the initiation of the operation of the commu- 
tator. Thus, it is possible to obtain pulses with a +4=1077 see and longer. 
However, in obtaining the pulses with a duration of the leading edge te <208 
sec, a pulse duration of the order to tens of nanoseconds and an amplitude of 
up to 100 ky it is possible to do without the synchronizing pulse by using as 
the t, the time for forming a pulse breakdown of the gap. To eliminate the 
statistical lag it is necessary to irradiate the cathode with ultraviolet rays 
by means of a synchronizing light pulse. In addition to this, the value of 
+2 may be stabilized by a considerable overvoltage in the gap by means of 2 
steep leading edge of the pulse. Under these conditions the value of +t, can 
be controlled by varying the length of the gap S with the pulse amplitude and 
the steepness of the leading edg2 being constant. For an ideally steep drop 
vith a height U, the relationship between t,, U, and S with atmospheric 
pressure in the ue will be written as follows "foe see Par. 1.2): 


_ 1690 S% (4.19) 
+ VU,(U, — 24 00057 


When the steepness of the leading edge of the pulse is finite, evaluation of 
the value of t, may be carried out by using the formulas (1.25) and (1.27) 
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Figure 4.6. Relaijonship of the delay 
time of the discharger operaticn to the 
length of the spark gap with the pulse 
amplitude being 15 ky. 


In Figure }.6. is shown the relationship of the time +)7t, measured 
from the start of the application of the pulse until the breakdown of the gap 


Ses 


to the length of the spark gap with atmospheric pressure in the air and dif- 
ferent lengths of the leading edge of the pulse. Since the breakdom of the 
gap S according tc the pulse duration taker place with a different overvolt- 
age, the duration of the cutoff determined by the ccnmmutation time +t, of 
the discharger P will increase somewhat with an increase of ty. 
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Ultraviolet irradiation of the dischargsr cathode 45 usually done 
, fron an auxiliary spark gap the breakdown of which has to be synchronized 
with the arrival of a pulse for starting the commutator by means of a series 
connection of two dischargers with the line or by means of a network with 
a series connection of the dischargers (ses Par. 5.6 and 5.7). 


In conclusion we will examine a pulse-shaping network not critical 
in regard to the value of the load impedance (see Figure .5b). This net- 
work involving the use of thyratrons was proposed ty Yu. V. Vvedunskiy /857. 
Normally the line is charged to a wiltage E through the charging resistance 


Rye After op creates of the discharger P, at the instant t=O a volt- 
age Uo! a Yee appears on tl. impedance Zo and awavs E 





moves 
Zo +2 

to the left. If in the period TU=(T of the mtion of this wave over the line the 
discharger P, has time to operate at the instant of time t=t,, then the 

wave on the impedance % will be damped and a wave $ brought about by 


the operation of P, will move to the right. After reaching the impeda.ce 


Zp this wave will create on it a voltage Up"= - = ° 
2 + 


Consequently, the resultant voltage drop on Z»5 will be equal to 0. 


Z 
A rectangular pulse with an amplitude U,sh — f. anda duration ty= VU =t, 
Zo +Z 
will be shaped on the impedance 2,5. If the time ti betweca the operation 
of the dischargers Py, and Pp varies in a range of t 10 to +, then pulse 
daration will be controlled in a range of +430 to 20. The network can shape 
pulses on any load 2, froma no-load condition of the lire to a short cir- 


cuit. Short circuit is used to obtain large-current pulses of controllable 
duration /86/. 


Par. 1.3. Transforming the Short High-Voltage Pulses 


Pulse transformers used in the micrcsecond range cannot be used for the 
transformation of high-voltage pulses of nanosecond duration owing to the in- 
ductance of the dissipation and spurious capacitances of the windings, which 
increase the leading edge and distort the shape of the pulse. Measures taken 
; for increasing the passband of transformers mak. it possible to transform 
| nanosecond pulses of only Low voltage (cf the order of 100 voits) /T, 27. to 
| 


= Pee 








transform high=voltage pulses of nanosecond duration, long lines with vari- 
able wave impecince are used and also systems of homogensous long lines con- 
nected in a Special manner. 


In essence the simplest transformer is 2 hcmegeneous long line with 
wave impedance 2 anda length / if a load impedance 2,}2 is connected 


to it at the end. In doing so, in the case of an input pulse with an ampli- 
tude E and ivration +t; the pulse amplitude on the load proves to be : 
equal to 


Z 
2 a C0 


Vana 21 +2 





However, with a mismatches generator end of the line the primary pulse will 
be accompanied by a train cf additional pulses brought about by a successive 
reflection from the end and the start of the line. If + network with a line 
and a discharger is used, then these additional pulses can be shunted by the 
operation of the discharger at the proper time. With a series connection of 
the line section with a length 1), lo,... l, and wave impedance 2), Zp,0+-2n 


and the condition that 25>Z,, Z3>Zo,0005 Z,>2Z,.1 we will obtain the fol- 
lowing for the pulse amplitude at the output of the line 


Q “ 2 Za 2’ 
we DF Bae ee eS 
U,=2 Zst2Z, 2542, °°. Zattnner 2+Zn (4.20) 


where Z' is the load impedance. 
If, for example, 24-225.) (j=1,2,...n), then 


CR (.20') 
haa Fae” 


U 
With an open end of the last line and with n=s5 the transformation ratio +" 


26.31. If the delay per unit of lenjth T of all sections of the lines is 
the game and the duration of the input pulse ty<t nere Ly is the 


length of the shortest section of the line, then a transformed pulse with a 
nultiplicity of additional pulses brought about by the reflection Trom the 
start and end of sach one of the sections will appear on Z. This transforma- 
tion method is used if the additional pulses can be shunted or if it is nec- 
essary to have pulses with a steep leading edge and a flat top at a certain 
distance from the start of the leading edge and the subsequent shape of the 
pulse is of no miterial importance. Such pulses are necessary, for example, 
for the irvestigation of delay processes of a phonomenon brought atrout by 

the action of high voltege. When using this transformation method an impor- 
tant limitation are the processes at the junction of the lines, which lead 

to an increase of the duration of the leading edgeofthepulse. Lines with dif- 
ferent geometrical dimensions are connected at the places cf junction. This 
is ecuivalent to an insertion at this place of a certain capacitance which 
shunts the line (see Par. 5.1), 


Gh = 
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Lines with a variable wave impedance in which linear capacitances and 
inductance vary along the length cf the lires are used to eliminate the 
drawbacks indicated. General theory of heterogenecus long lines is set 
forth in the work {2 7. An exponential line ti 27 in which inductance, 
capacitance and wave impedance vary along the length of the line x in 
accordance with the following law: 


L=L,el*; C=C,e7 "7; z=y/ bane’, (4.20") 


where y is a positive or negative constant quantity, finds the widest prac- 
tical application. With a transformatim ratio larger than two the usual 
heterogeneous lines have large dimensions. Therefore, they are used for 
matching the impedances [2 /. 


Usually coaxial lines with a spiral inner conductor anc variable wave 
impedance are used for transformation. The problems of investigation of spi- 
ral lines are set forth in the works /2, 87-897. Spiral transformers are 
made with a rectangular and a round cross section. Kuchel and Williams /907 
give the following formula for the determination of wave impedance of a 
round spiral transformer (Figure .7) when the ratio of the radius of the 
spiral to its pitch is larger than unity: 


z= -ey z['-(#Y]»+=. (4.21) 


Figure 4.7. Design of a spiral round 
transformer. 


where R, is the radius of the spiral; Ro = the radius of the shield; % — 
the pitch of the spiral; Mp, &) — magnetic inductivity and specific in- 
ductive capacitance of the free space; k = the relative specific inductive 
capacitance of the dielectric filling the space between the spiral and the 


shield. With the optimum ratio = 2.06 Bu 





2=0,4 Bn. R, (44.22) 





Having set the values of Z and R, at the start of the line it is possible 


«75 = 














to determine the pitch of the spiral %,, at the input of the transformer, 


Wave impedance at the start of the line 2% and at the end 2, are con- 
nected by means of the transformation ratio. bythe following relationship: 


2Z,=8Z,. (4.23) 


If the transformtion ratio « is specified, then the pitch of the spiral at 
the output of the line 7,4 can be determined by the formula 


Biyuxt touts Ty= Pin? ta =. (14524) 


The length of a spiral exponential transformer can be determined by 
the following formula : 


1 et 
b= (a : (14.25) 


wiere N is the number of turng. The total delay time of the transformer 
is determined on the basis of a specified distortion of the top of the pulse 
(voltage drop on the top) A 


t,= 602s . (4.26) 


where +t, is duration of the pulse being transformed. It follows from the 
equation (4.26) that with invariable +t, and ty the distortion of the top 
increases with an increase of the transformation ratio .. Formulas ().21) 
through (4.26) make it possible to carry out an approximate calculation of 
an exponential transformer with a spiral winding of the inner conductor. As 
Yu. S. Belozerov /907 showed, the difference between the parameters of a 
transform + calculated by these formulas and those measured experimentally 
doas not exceed 20 percent. On tne basis of the works /T, 90, 91) it may be 
concluded that permissible distortions of a pulse resuit when *%@3. The 
highest voltage obtained in these works at the output of the transformer 
amounts to U,=8.6 kv with the pulse duration +51) nanoseconds). 


The main obstacle to the use of spiral transformers with a variable 
wave impedance is the comparatively low frequency passband (of the order of 
250-300 Mc) /917. This is explained by the variation of inductance with fre- 
quency and by the effect of distributed capacitance between the turns. To 
increase the passband it is necessary to use rectilinear heteroguneous lines 
even though they have large dimensions. 
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Figure 4.8. Network with two parabolic 
lines for obtaining and transforming the 
pulses. 
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O. Ne Idtvinenko 0 2 Suggests the shaping of pulses by means of two 
parabolic lines I, a (Figure ).8). Wave impedances of the shaping 


line In and of the transforming line Ly vary in accordance with the 
following law: 


246)=240(1- +). 
(4.27) 


< 


Z,()=2,(0)(1- =). 


where a0, b>0, T is the time for the motion of the wave to any point on 
the line. If the following conditiom are observed 


vor 
Z, (0) = Z, (0) = Z (0): Ra = Zz (ts, ); C= ' (4.28) 


then the signal appearing at the iiput of the line Lo will be transmitted 
without distortion to 23. When ab, a rectangular pulse is shaped at the 
input of the L,. In doing sn, a voltage pulse also of a rectangular form 
will be shaped at the output of the line ig 
u=F(1 +e )a-e7 ) (4.29) 
It follows from this expression that the pulse duration 
t, = 2, v4.30) 


depends only on the delay time +t,, and the transformation ratio 


pe Ee ! ° 
SS =05(1+—-2). (4.31) 
The largest value of % can be obtained with the smallest possible value of 
b=a=t, (4.32) 


(which corresponds to a short circuit of the line In). 


To calculate this device it is necessary to set the longest pulse dura= 
tion ty, the maximum transformation ratio 9¢, and the impedance 23. Asa 
result of the calculation we can learn the law of variation of the wave im- 
pedances Z, and Z5 and also of C. 


It follows from the equations (l.30) and (1.32) that 
ty 


azbe—- 
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From the expression (l\.31) we will detennine the dolay timo of the line Ly 


t= (2, — IE. (4.33) 
and from (4.28) -- the value of the capacitance 
C,=-S (4.34) 


From the formulas (.27) we will find the wave impedance at the start of the 
lines I, and Lo 





may a (44635) 


The quantities "a", "b" and 2(0) completely define the law of variation of 
wave impedances of the lines. 


To reduce the dimensions of the device described the lines hh and 


To may be made spiral. The advantage of a network with two parabolic lines 
over an exponential transformer is that the shape of the pulse does not de~ 
pend on the transformation ratic, and the feasibility of obtaining pulses 
of a strictly rectangular shape. 
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| CHAPTER 5. HIGH-VOLTAGE NANOSECOND-PULSE GENERA TORS 
. Par. 51. Disccntinuities in Long lines 


Discontinuities appear in the lines in two cases: 1) upon connecting 
additional impedances to a line, upon connecting the lines with different 
wave impedance, in branching the lines, etc.; 2) in the case of a sharp 
change in the dimensions of conductors, in the case of connecting tine base 
| insulators, in the case of a break in the lines, etc. To calculate the ef- 
| fect of discontinuity of the first type on the shape of the wave a substitu- 

f tion network is ordinarily used which consists of a serles-connected wave 
“- impedance of the line and a two-terminal network (Figure 5.1) simulating the 
: remaining portion of the line and the connected impedance or a new line, and 
of a generator with a voltage 2U,4q where Upaq is the voltage of an in- 
cident wave having a random shape. The form of the two-terminal network de- 
pends on the methoa of inserting a discontinuity. For examle, in inserting 
an impedance 2, or an additional line with such a wave impedancs the two- 
terminal network consists of parallel-connected impedances 2 and 2). In 


2 


Figure 5.1. Substitution network for 


calculating the discontinuities of the 
first type. 


a series comection the 2% and Z are connected in series. If an arbitrary 
impedance 2, is inserted at the end of a line, then this impedance will 
serve a8 a two-terminal network. In doing so, in the case of short circuit 
Z1°0 and in the case of an open end of the line 2 =09. It is necessary to 


7 


= 7% 











bear in mind that the substitution network is valid only for the time inter- 
val from th- vival of the wave to the place of discontinuity until the re- 
turn frem the and the start of the line of those waves which were re~- 
fracted and reflected at the place of disconuity. Superposition method my 
be used to czlculate the effect of reflected waves. 


Nesults obtained in super-high-frequency technique may be used in 
analysing the discontinuities in transmission and their effect on the pulse 
shape. In doing so, it is necessary to know the highest frequency in the 
pulse spectrom. which has to be transmitted without a substantial change in 
the amplituce and phase. The upper cutoff frequency of the frequency char- 

1 


acteristic corresponding to the point at which the amplitude falls to Ve 


of the amplitude at the center frequenciss may be taken as the value of fp. 
The comection between the f,, and dur:tion of the leading edge te of the 
pulse, determined between the levels of 0.1-0.9 of the amplitude has the fol~ 
lowing forn {27 


Fazte] hee. | (6.1) 


The effect of discontinuity of the second ¢ on the shape of a volt- 
age wave is taken account of in the general case /2, 93, 9 inserting in- 
stead of discontinuity a Pi or T-network whose parameters depend on the type 
of discontinuity and dimensions of the line. The simplest discontinuities may 
19 substituted with a capacitance inserted parallel to the line. 


We will. examine some of the frequently encountered discontinuities. 


The following are possible in the case of a sudden change in the radii 
of the conductors of a coaxial cabla: a change in the diametar of the inner 
corviuctor elone (Figure 5.2a), a change in the diameter of the outer oonduc- 
tor alone (seo Figure 5.2b) and a simultaneous change both of the inner and 
outer diameter (see Figure 5.2c). In all cases, discontinuity is taken ac~ 
count of by inserting the capacitance 


C=FD 


where D is the diameter af vis outer conductor (in the second case it may 
1 + 

be considered that D= 3 : ); F is a factor whose relationship to the 

ratio of the diameters is show in Figure 5.3 /947. In the case of a break 


in the inner conductor of the line 70. The value of the capacitance C 





for the third case 1s determined from the results of the two preceding cases. 
In doing so, it is asswmed that a sudden change exists first in the inner con- 
ductor alone, and then in the outer. The equivalent capacitance is found by 
the addition of the capacitances in the first and second determinations. It 
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is necessary to bear in mind that data given here miy bo usu if the wave- 
length A >5D where D is the largest one of the dinmetera of the line. 
The curves given in Figure 5.3 for the determination of F are desiened 
for the calculation of overhead lines. In filling the cable with a dielec- 
trict it is necessary tc multiply the value of the capacitance C by the 
specific inductive capacitance ¢. If a dielectric with @ fills only the 
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Figure 5.2. Discontinuities of the second 


type {2 by oe and their substitution net- 
work a}. 
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Figure 5.3. Graphs for calculating the 
capacitance C corresponding to the dis- 
continuities shown in Figure 5.2a (a) and 
in Figure 5.2b (b). 
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line having an inner conductor of a smaller diameter, then the value of the 
capacitance C calculated with the aid of the graphr show: in Figure 5.3 
should be multiplied by €. In ths case when dielectric fills a line with 
a large diameter of the inner comluctor, it may be considered in the first 
approximation that the value of C found for an overhead line remains un~ 
changed. For lines in which the diameter of the outer conductor changes it 
may be considered that upon filling the line of a larger diameter with a di- 
electric the value of C increases by €& times, and upong filling the line 
of a smaller diameter C does not change. If the dielectric fills only a 
portion of a coaxial line in which dimensions do not vary, then this is equi- 
valent to a sudden change in the wave impedanc~. 


In some cases a sudden change in the dimenedione of a line my occur 
when its wave impedance is invariable. In this case it is necessary to ob- 


serve the condition: a Discontinuity at the place of the junction 


may be taken into account by inserting the capacitance C into the substitu- 
tion network. The effect of the magnitude of oo capacitance is reduced by 


2 
shifting the imer conductor to a distance a= from the place of discon- 


tinuity (shown by broken line in Figure 5.2c). This shift is equivalent to 
“he insertion of a series inductance which compensates the effect of the ca~ 
pacitance C. In the case of high voltages in the line, slectric strength 
of such a transition is small oring to the existence of acute angles. To 
increase the electric strength it is better to use a stepless conical transi- 
+4on element from one line to another (Figure 5.la). It is expadient to se- 
lect the length of this transition element fran the following relationship 


L>20D. (5,2) 


A conical transition element is often used in making the discharge devices, 
peakers, etc. Therefore, we will examine conditions which determine the para=- 
meters of such 2 transitior: element in the case of a high voltage. The maxi- 
tum voltage Una, between the conductors of a line with large diameters of 
the chamber and all parameters (Ro, ro, €&, Z) of the cable are usually knom. 
The values of the diameters D and d are determined from two conditions: 

1) the chamber must stably withstand the maximum operating voltage Unax; 

2) wave impedance of the chamber and of the cable must be the same. The fol- 
lowing may be written on the basis of the first condition 


LBmrartUnax3 Ey =Egt_/ Vane = Ey In = (5.3) 


where Ey: is permissible electric field strength which is determined by the 
strength of the overlap on the surface of the racks, by the pressure in the 
chamber and by the kind of the gas filler. 


The second condition will be written as follows; 


Pee ig (5 oh) 
vo aq: 


= 82 - 





b 
' 


S a er 











Figure 5... For the calculations of a coaxial 
conical transition element (a) and of the profile 
of the shield of a matched load (b). 


The dimensions of the transition cons are determined with the condi- 
tion that the wave impedance Z is constant and the necessary electric 
strength is provided. The dielectric d' is laid inside the section to 


increase the electric strength (see Figure 5.lia). The distance | is deter- 
mined from the following condition 


Unax 
= 


where Bed is permissible strength determined by the overlap on the dielec- 


tric d' and by the pressure in the chamber. Taking the equality (5.2) into 
account we will find the following from Figure 5.ha 


Rye at f =. (5.5) 
We will determine r, from the formula (Sel) 
: 60 
_(.D-t , D'\.~ Z¥e (5.6) 
Rg eho 


If the ¢ of the dielectric d' and of the cable insulation are the same, 
then the wave impedance of the cone to the left of the point O will be equal 


to Z if == Saas, 
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We will now find the profile of the dielectric d' with the condi- 
tion of keeping the wave impedance to the right of the point 0 constant. 
We will make use of the formula for wave impedance of a line with a two-= 
layer dielectric , 

60 Rs 


Es*&7 Bag (5.7) 


where ¢. is the equivalent specific inductive capacitance /87/. 





= (5.3) 





“here R', 4s the radius of circumference af demarcation of the dieloctrics;+, — tte 
permittivity of the gas filler (€,=1); é5 — the permittivity of the dielec- 
tric d'. We will find R', from the equations (5.8) and (5.7) 


ink,’ = (son +e, Inr,z—e, In “ 
—~t, 


(5.9) 


if the origin of coordinates is taken at the point 0, than 
R= Ry, 


RR, + ks wes 
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Substituting R, and r, into the equation (5.9) we will find Bie in rela- 
tion to x. In practice the substitution of the curve Ry'(x) with a straight 


line introduces into the value of wave impedanca the largest errer of less than 
ten percent. In most cases such an error is permissible. 


With an increase of the voltage U, the diameters D and d of the 
chamber will increase. This may lead to the appearance of waves of higher 
orders. The frequency at which the appearance and transisission of the highest 
type: of waves over a cable is possibleis called critical. For the most dcanger- 
ous wave of Hy, the critical frequency is determined by the following formula 


2c 
an nye (D+d) oi (5.10) 
where c=3 « 10910 em/sec 4s velocity of light in free space. If it is con- 
siderad that a pulse can be transmitted util f,2f,, then the relationship 


between the duration of the leading edge and the diameters D and d will 
assume the following form: 


~ 8 = 














tye SE (D+ d} (5.11) 
(for gases &=1). 
The comection between tr, Ugg, and Z may be determined from the 
formulas (5.4) and (5.11) /95/. 
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In the first approximation it may ce considorei that with an increase of the 
pressure p the permissible strength increases in proportion to p (see 
Par, 3.1) 


Ey %q Jf Ey= E'op. (5.13) 


where 5! q is permissible field strength in ths case of atmospheric pressure, 


Thus, we will ultimately obtain z 


24x (e 9. Uasane (5.24) 
{2 — eZ&’s ee 2 * 

Consequently, to decrease the duration of the leading edge ci the pulse being 

ransmitted it is necessary to increase the pressure p in the chamber. 


Date for the deternination of end E,.qg may be fuund in the 
works fr, 20, 29, 967. a *P 


We will examine the methods of eliminating discontinuities brought 
about by the supporting elements made «2 a dielectric. A method cf reducing 
the effect of reflections from the supports with a decrease of the diameter 
of the inner cundveter at the plese where the support is located has been 
developed in the work by Cornes 3 OU The distortions of a pulse desrease 
with a decreas of the ‘idth of the support anc of the wave impedance z' 
in the region of the support installation. Ina guneral case, if a short 
section with a wavo impedance Z' and a delay time T is inserted into a 
line with a wave impedance 72, then with a auration of the leading edge of 
the pulse t,>2T and impedances z' and Z close to each other in value, 
rev unit Enplttide of the input pulse the amplitude of the reflected pulse 

2 


: yy SDs 
Loot reriectea/ Yop = aD (5.15) 


In the works /98, 997 it is recomended to use supporting beads with a con- 
cave surface, and to eliminate the effect of lumped capacitance of the sup- 
port on the shape of the pulse by meane of special "recesses" in the inner 
conductor with the dimensions of these recesses being determined experimen-: 
tally. In doing so, it is possible te obtain a reflection coefficient equal 
to 0.) percent for frequencies of wy to 1,200 Mc. 
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Sometimes 4 load impedance exactly equal to the wave impedance of the 
transmitting line cannot bs taken, or a matched line with a wave impedance 
different from the tr2nsmitting impedance cannot be used as a load. In this 
case, reflected pulses appear owing to a discontinuity at the place of the 
connection of the line with the load. 


The matching of the lines with the load may be accomplished by two 
methods: conection of resistances to the load so that the equivalent in- 
pedance of the entire device would be equai to the wave impedance of the 
line, and by cormecting the lines with a steplessly varying wave impedance 
between the load and the transmitting line. It is not recommended to use 
the former method of matching owing to the large puise-power losses in the 
additional resistances, In matching by the latter method the wave impedance 
of 2 heterogeneous line at the input must be equai to the wave impedance of 
the transmitting line, and at the output — to the lo-d impedance. 


Par. 5.2. Attenuation of Waves in Cable Lines 


The most important task of the pulse techniqus is transmission of a 
generated pulse without distortion to the place of destination. Chiefly co- 
axial cables are used for this purpose since unlike the open lines they have 
advantages (wide frequency spectrum with a comparatively low attanuation, a 
small antenna effect, protection from external sources of interference, smll 
dimensions and convenient make-up dasign with high voltages). The work /37/7 
examines in a sufficient detail the problems of propagation of electromagnetic 
waves over the radio-frequency cables and gives the characteristics of the 
latter. 


Propagation of an electromagnetic wave over a long line is character- 
ized by the propagation factor 


yoo+ 6, (5.16) 
where & is attenuation factor and 6 ~~ phase factor. 
In the absence of ionization processes the attenuation of a wave 1s 


connected with the existence of the resistance r of the forward and return 
wires and the conductance g of the line insulation. 


tf beet. (5.47) 


where L and C are inductance and capacitance of the line respectively. 
The resistance of a coaxial ling 





2:10 FeV Pe. x) ; 
Oe wae v7 (y ‘4 cs / 0 D Saleeater (5.18) 
where f is the frequency of the propagating signal; hs Boo relative 
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pernaability; © -- specific electrical conductivity, m/ohm-am°; D, d —~ 
the outside and inside diametors of the wire respectively. 


The presence of the factor Vet in the expression for r takes into 
account the surface effect on the inner wire and proximity effect on the 
outor wire of the cable. 


If both wires are made of the same metal, then 


= 2-9 / Te (6.1 
~~ To / . as 3 ely, meter 5-19) 
If the wires are twisted out of ec strands, then 
pe 210 oe y/ fee + ) oxi i (5.20) 
; Dees 


where k), and ky, indicate by how many tines the resistance of a twisted 
wire exceeds the resistanca of a one-piece wire of the same gage. For the 
immer wire of 1 coaxial line k)2kg, called the twist factor, increases with 
the increase of the nunber of parallel~twisted strands, and for a seven-wire 
conductor k,31.3. For the outer wire ko*Kop1 » called the braiding factor, 
depends on the make-up of the cable teattings 


The resistance of a coaxial line may be decreased if the outer surface 
of the imer conductor and the immer surface of the outer wire are coated 


with a layer of metal having a low resistivity, for example, with a layer of 
silver. 


Ve Me Gorbachev, N. A. Uvarov ani L. D. Usenky G07 investigated the 
attenuation of nanosecond pulses in radio-frequency ca Pulses with an 


amplitude of about 100 volts, $4250 ¢ 10- -9 sec and tr@1 nanosecond were 
sent to the input of the cable. The data of the experiment were compared 
with the data of the calculation which was based on taking into eccount only 
the resistance of the forward and return wire. For a unit voltage drop at 
the input of the cable the voltage [17 at a distance | from the input 


h=1—F(x), (5.21) 


where X= ao $ F(x) — Cramp function which is eqwl to the following when 


the values of x are small 


2 (ee x x ' 
Pey=Felt-tatta- sat )} | G.22) 


Tst - L, v — propagation velecity of the waves. In this case, the attenu- 
tion factor 


eV EEE td) 


(5.23) 
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Table 5,1 




















ja Tun | d she D a, 
xsGean |?" Ae oe: mat 2 ia e. =e ian r 10-1 at 
RR 
PK-6 1,275 4.5 52 96 | 2,42 1,1 3,01 
PK-3 0,635 4,8 15 6 12.43 t 3,02 
PK-2 0,34 3,7 92 55 [o'43 ‘1 4,% 
PK-50 | 0.15 | 3,4 167 3 |%, i 5,3 
PK-1 0.34 2.6 7? 6 | 2,90 1 6,10 
PK-19 | 6,34 1,5 52 9% | 3,60 1 12,1 











Key: ty Type of cable; (2) Picofarads/meter; (3) Kop] “braiding factor 
4) k,=twist factor. 


The calculated values of & and experimentally determined values of 
Kop. for the cables investigated are given in Table 5.1. 


The calculation and experimental data coincided well. This shows that 
with the voltage amplitude indicated, at the frequencies of 200-500 Me (tr of 
about 1 nanosecond) the power losses in the dielectric are small and their 
effect on the degree of attenuation of a wave may be neglected. 


During the propagation of a high~voltage pulse over a cable ionization 
processes may occur in the cable insulation near the inner conductor. By 
analogy with the pulse corona on the overhead lines these processes produce 
a high attenuation. Unfortunately, appropriate experimental investigations 
are absent. 


Par. 5.3. Resistances for High-Voltage Nanosecond Pulse Devices 


Resistances used in the high-voltage nanosecond devices must satisfy 
the following requirements: the value of the resistance must not depend on 
the voltage and frequency in a certain range of them; the resistance must 
have low spurious inductance and capacitance and be thermally stable. 


It is not always possible to satisfy these requirements. Therefore, 
the problem of the development of resistances for nanosecond high-voltage 
devices cannot be considered solved. We will examine some of the character- 
istics uf these resistances. 


Carbonaceou3s film resistances, metal-film and composition resistances 
are used as the nanosecond-range resistances. Wire resistances are not usable 
owing to high inductance. 


A characteristic of the surface effect may ve provided by the depth 3 


ges 





of the penetration of current into the conductor, at which current density 
becomes 2.718 lower than the maximum density at the surface of the conduc- 
tor. The depth @ is determined by the following fornula 


t= : . (52k) 


xes 





where f is frequency; / — permeability of the conductor; f — resis- 
tivity of the material of the conductor. Knowing the depth d in rela- 
tion to frequency it is possible to determine the gree of the change in 
the resistance at this frequency and the maximum permissible thickness A 
of the conducting layer. The depsmience of the value of resistance on fre- 
quency does not show in practice for the entire frequency spectrum of the 


pulse if for the highest frequency f. 40.1. The value of § for con- 
ductors at the frequencies corresponding nanosecond pulses may reach tens 
of microns. Therefore, the conducting films must have a thickness of the 
order of units of microns, which does not enccuater difficulties in making 
the resistances. The effect of the self-capacitance and self~inductance of 
a line shows when a high-frequency voltage acts on the resistance. The sub- 
stitution network of the resistance at high frequency is enalagous to the 
substitution network of a long line with losses. In addition to this, the 
resistance is affected by the capacitance between the end lead-outs of the 
resistance and their capacitance in relation to the ground. The values of 
the linear capacitance and inductance Co and Ip are determined by the 
form factor of the resistance /101/ (it is assumed that the resistance has 
a cylindrical form) 


L 
‘30D 


where l is the length of the resistance and D —- its diameter. 


ae 


fk rs ies 7 Cy, = 10° nfjcm; picofarads/cm (5.25) 
L, = 2(in4zK,—1) cujcu. om/on (5.26) 


In the case of a spiral threading on the resistance, which is made to 
increase the resistance, the value of LI, is determined by another forma: 





L,=0,9-% cujexs, (5.27) 
Ke 


where n is the nvmber of turns of the spiral. Since for resistances with 
a spiral threading the value of Ip greatly increases, such resistances are 


not used in the nanosecond-range pulse networks. 


In practice it is difficult to use the above-indicated substitution 
network in the calculations. It is considered that if the value of the re- 
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fio 
sistance RVG. » *hen the effect of Lp may be neglected and the sub- 
0 


stitution network may be represented in the form of a parallel R-circuit 
(C=Ogb). In the case of smaller R the effect of Cp 1s neglected and 


the substitution network is represented in the form of a series RL-circuit 
(LeIol). The effect of L and C may ba neglected if the respective time 
constants of L/R and RC are four or five times smaller than the duration 
of the leading edge. 


The dependence of the value of resistance on voltage shows under the 
action of high voltages. In doing so, starting with a certain voltage the 
Tesistance R decreases and Ohm law is not ooserved. One of the reasons 
for the nonlinearity of the resistance are local overheatings of the con- 
ducting film, brought abovt by the nonuniformity of the distribution of cur- 
rent. In composition resistances the reason for nonlinearity of the resist- 
ance may be the effect of the conductance of the gap between the conducting 


rrain3, which with the field strengths of 109-10 volts/om 017 bears a 
nenlinear character. The maximum permissible operating voltage’ is limited 

by electric breakdown and by sparking on the surface of the resistance. The 
veltage at which a breakdomm occurs on the surface does not dapend in practice 
on the type of the conducting coating and at a given pressure pvp is deter- 
mined only by the distance between the lead-outs, their form and arrangement. 
Vhe relationship of the voltage at which the breakiow occurs in resistances 
without threads (of the type MLT, VS, etc.) to the length of the resistance L 
and the pressure is expressed (for_ pl >1 mm of mercury colwm * okas) with 
goui approximation as follows /T01/: 


Leap pr"Upraakdown/ U,, = 300(plP* 6. volts (5.26) 


If the effective voltage is 20-30 percent lower than Upr> then in the absence 
of heating and outside temperature of 15-20°C a safe functioning ef the re~ 
sistance is guaranteed. It is necessary to bear in mind that the formula 
(5.28) is valid for pulses with a duration of the order of 10 sec, and for 
pulses with a duration of the orde: of 10-9 sec the value of Up is larger. 


The value of Upr may be increased by placing the resistances in an insulat- 
ing liquid. 


The assigns of the resistances operating in the nanosecond-range pulse 
networks are characterized by diverse shapes which are determined by the pur= 
pose of the resistances. Resistances are a part and even a component member 
of a structure. Disk and plate-like resistances are also used in addition to 
the cylindrical shapes. In Table 5.2 are given the basic parameters of some 
of the high-frequency cylindrical resistances of the type UNU with a carbona= 
ceous coating /101/. 


Nichrome which is applied on the dielectric lining by spraying in vac- 
uum is used as the surface coating in resistance of the metal~film type de- 
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a ites = (7) Maximum testing power in a pulse, 
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hk) Diameter 
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signed for operation in the area of high frequencies. Resistances with a 
composition coating (mixture of powdered conductor with a dielectric) are 
sometimes used to obtain high-frequency resistances of the order of 1 kilohn. 


In the operation of resistances it is necessary to pay attention to 
the relationship of the value of resistance to the temperature which may rise 
in tha process of operation of the resistance. To eliminite the overheating 
of resistances it is necessary to increase their surface or use forced air or 
water cocling. For example, resistances of the type UNU increase the rated 
power by 5-10 tines with an intensive air cooling. The metal-film and carbo- 
naceous resistances are sometimes made with water cooling. In doing so, their 
capacity reaches a few and even tens of kilowatts /1027. 


Aqueous solution of NaCl or of other salts may be used as the resist- 
ances in the case of pulse voltages of the order of humdreds of kilovolis. 


Such resistances have alow inductance and have a large thermal capacity. ‘The 
surface effect is absent in such resistances if the diameter of the resistance 


D<618. (5.29) 


Making use of the relationships (5.24) and (5.29) and taking inte account thet 
for water Ms plo=lST1LO~ henries/meter we will find the following expression 


for a water resistance with which the surface effect will not appears 
R>1,6-10-*fle ox, (5.30) 


where f is frequency, cps; l is the length of the resistance, meters. 


= Ola 








Thus, knowing the upper limit of the frequency spectrum of a pulse f, 
and the length of tho rosistance é; the necess:ry value of R is selected 
by the concentration o7 salt. A drawback of water resistances is ths high 
dependence of FP on the external factors, especially temperature, high self- 
capacitance and considerable changs in R with time. 


To maten the long lines it is necessary to insert a resistance equal 
to the wave impedance of the line. If the usual lumped resistance is con- 
nected, then a pulse is distorted owing to the spurious parameters of the in- 
cuctance and capacitance of the rosistance and its feeds. Therefore, it is 
batter to use a resistance of the disk type. An improvement in the frequency 
properties of the matching resistance may be achieved by placing cylindrical 
resistances with a dlamter D and with a value of R equal to the wave in- 
pedance of the line into a cylindrical shield whose length considerably ex- 
wvads its diameter. In doing &0, a line section with losses and with a cer- 
trin wave impedance Z' is formed. The ratio between R and 2’ may be 
sulacted fron the equality R= V3Z' (27. However, a mtching device with 
a cylindrical shield has a narrow frequency passband and may be recommended 
with a ratio of the length of the resistance [ to the smallest wavelength 
A,, of not more than 0.1. 


For a better matching of the resistance with the transmitting lina 
the profile of the shield surrounding the resistance is selected in such a 
mmier that the wave imedance of the entire device in any cross section be 
equal to the resistance of the remaining portion of the resistance fi02 . 
If the resistance has a uniform film coating, its value does not depend on 
the frequency and on the distance x from the end of the load R,=Rox (see 
Firure 5.4) where Ro is the resistance per unit of length. wave impedance 
of the line without Losses in this cross section is 


Bigs 
2,2 fee. (5.31) 


where Ly and C, are inductance and capacitance per unit of length in the 
cross section x. Reflections will be absent if 


V te aRe (5.32) 


It may be assumed that on a small clement Ax the diameter of the shield 
is constant; then 





2y 
L, =0,2)n —— sxen/u, P 

D microhenries/meter (5.33) 
C,= ee ngi|a, 
ape picofarads/meter 
where € is relative permittivity of the dielectric in the space between 
the resistance and the shield; D is the diameter of the resistance. On the 
basis of the equalities (5.32) and (5.33) we obtain 


; (5433') 
vein a Rox 


«2 = 





or Rox ye 


-yoPe 6 7 (5.34) 
2 
The calculation of the prefile of the shield given abova takes into 
account only the radial components of an electric field and does not take 
into account the axial components. In spite of this, coaxial loads with 
an exponential shield give good frequency characteristics. 


A further improvenent of the frequency characterica of coaxial loads 
is achieved by making the shield with the profile of a tratrix, a detailed 
analysis of which is given in the work /1027. 


Par. 5-4. Capacitors for High-Voltage Pulse Devices 


The chief requirement for capacitors used in high-voltage pulse de~ 
vices is their low self-inductance. It is also necessary that the capacitor 
have small dimensions since with large dimensions of the capacitor the con- 
necting wires will introduce considerable inductance into the discharge cir- 
cuit. 


Capacitors with a large capacitance are necessary to obtain pulses 
with a iarge current. Capacitors with paper-~oil insulation have the largest 
capacitance from among the high-voltage capacitors. The calculation of the 
inductance of these capacitors is given in the works by P. N. Dashuk /1037, 
and by Kuchinskiy and K. M. Irkayeva /T0l7. 


Capacitors with paper-oil insulation consist of separate sections wound 
into rolls and commected for increasing the capacitance into parallel groups 
which are series-connected to increase the operating voltage. 


The inductance of one section L, consists of the inductances of the 
plates L, and the leads L, determined by their geometrical dimensions and 
arrangement of the leads on a section. 


In the work /T0K7 are given the data for the evaluation of I, with 
the condition of a uniform flew of current over the conductors. Inductance 
is evaluated by formulas derived for busses of a rectangular cross section 


fios/. 
In Figure 5.5 are show the possible arrangements of the leads on the 


capacitor plates. If the leads are arranged opposite each other (see Figure 
55a), then 


L, =) (3a + 2d), (5.35) 
where "a" is the distance between the plates determined by the thickness of 


the insulation; b, d, b ara respectively the width, thickness and length of 
the metal plates. 
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Figure 5.5. Methods of laying the leads 
ina capacitor section: the leads are 
placed one under tha other on ons layer 
of nae (a); the leads are displaced 
by es 


Since usually 3a }2d, then 


t=, (5.36) 
If the leads are displaced to a certain distance [' relative to each 
other, then L, is made up of the inductance of the section with an opposite 


Boa(lb- b 
directicn of the current ly = Q ; ) 





and of the inductance of the 


section with a coinciding direction of the current L," (see Figure 5.5b) 
The value of L," depends on the arrangement of the leads relative to each 


other; if they are displaced along the length of the foil within the width 
of the section, then 


piesa ye Mea NE , 
L, =e. (in ++) : (5237) 
If the leads are displaced along the length of the foil by half a turn, then 
L.” =! (2a’ + 2d), (5-38) 

where a' and b' are shown in Figure 5.5b. In the roll-type capacitors 


the leads are made in the form of copper busses and are arranged at one end 
to reduce the inductance. In this case ie L, of one lead is determined 


from the ecpression (5.35) where the linear quantities characterize the leads 
and their position relative to each otner. Thus, L,=Lo + 2ly. Experimants 








on a rolled section with a capacitance C=1.0 microlarads and a=80 microns 
showed /T0l7 that when the leads are placed opposite each other (see Figure 


55a) tne L, depends little on the location of the leads and varies from 
0.6 to 2e2 ° 10~? henries; with a dispiacement of the leads by 12 om (half 


a turn), lg dnereages from 2.5 + 107? to 16 + 1079 henries upon the with- 
drawal of the leads from the start of the winding. This is explained by the 
increase of the dimension of the a’ (see Figure %.5b). With an increase 
of the distance the JL, rapidly increases owing to I)". Therefore, the 


leads must be placed at a minimal distance from each other on the basis of 
the overlap of the insulaticn. It is noted in the work /TOW/ that it is 
inexpedient to make several taps fram one section since the current will flow 
mainly through the taps located at the start of the section owing to a lower 
vaiue of L, at this place. To decrease the inductance it is expedient to 
increase the number of parallel sections in a group since in doing so the 
dimensions of each section are reduced. The inductance of the capacitor 
decreases in proportion to the increase in the number of sections in a group 
and increases with an increase in the number of the groups. Ceramic capaci- 
tors of various types having two plates have a low inductance. From among 
the domestic ceramic capacitors, barrel capacitors of the type KOB having a 
comparatively high value of the capacitance are of the greatest interest. 


Their characteristics are given in Table 5.3. 





Table 5.3 
Mlapamnerp | KOb-1 | KOb-2 | KOB-3 
Parameter KOB 
1 JEwxocms, n@. ow. 500 500 2500 
2 | Pacosee nanpamenne, Ke 12 20 30 
3 | Bwcorame. . 2. . | 17 a 40 
| Dmanerpaa 2. | 0 3 62 
Key: {33 Capacitance, picofarads te} Height, m 
2) Operating voltage, kv ) Diameter, mm 


‘hen it is necessary to ootain a high-power pulse with a steep leading 
edge and a flat portion, it is expedient to use a parallel connection of a 
ceramic capaciter end of a capacitor with paper-oil insulation. In doing so, 
the value of the capacitance of the ceramic capacitor may be evaluated as 
indicated in Par. 3.1, on the basis of the value of the inductance of the 
capacitor with paper-oil insulation. 


In Table 5. are given the values of the inductances of capacitors of 
different types /106/. 
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SBosnywuwk oSpasncsw: 
100 ag . Soe eae 


co panes 10-20 
1000 ng Boer 30-530 
3 Bosayuauh nepemensol emxocrs 
Manux pasmepop ww we Ct 6-20 ; 
CpeAwkx pasMepos . 10—€0 
Kepannuecxuh soeroub: 
KOK-3 . 1--1,5 
Sepa youre: i: 
KTK:1,2. = 3—10 
KTK-3, 4, 5. ae ke nw 
HOR AHOR onpeccopannns: 
t 4-38 
KCO- on prota Re 23 é 15-3 
ge gg pasuosmA x oKHpo- 50—-iee 
8, eremital: 
wanwx pssuepos KBI-4 3 6—11 
cpeauux paaxcpos KBI-M, “KB 39—60 
psnvoTHns Coapwkx Pennenee g 
{oonpwoR emxoctu) . 50-100 
Gonpwoh exxocth ¢ nenpapnasau 
Pacnorowennew Busonos . . | 200— 150000 
Key: (1) Type of capacitor (6) Mica molded capacitor: 
(2) Air reference capacitor: KSO-1 
100 picofarads KSO-11, KSO-12, KS0-13 
: 1,000 picofarads (7) ica reference and blocking 
(3) Air variable-capacitance capacitor 
capacitor of: (8) Paper capacitors 
small dimensicns of small dimensions KBG-) 
inedium dimensions of medium dimensions KBG-M, KB 
(4) Ceramic disk capacitor: of radio type of large dimensions 
KDK=3 (of large capacitance) 
KDK=1.2 of large capacitance with irreg- 
(5) Ceramic tubular capacitor ular arrangement of the 
KTK-1.2 leads 
KTK-3, lL, 5 (9) Inductance, 1077 henries 


Par. 5.5. Spark Dischargers Triggered With Nanosecond Accuracy 


When using spark dischargers in oscillographs for recording very short 
pulses, in the high-speed-photography devices, in circuits for the conversion 
of high-voltage pulses of nanosecond duration, etc. it is necessary that the 
time between the arrival of the triggering pulse and operation of tha dis- 
charger amount to a value of the order of 10~ sec, and stability ~~ to 109 
sec. Asa rule, three types of dischargers are used for this purpose: trig- 
atrons, light (spark) relays and three-electrode dischargers. The trigatron 
T (Figure 5.4a) was suggested by I. S. Stekol'nikov gp 


ae 








Figure 5.6. Circuit diagrams for triggering a 
trigatro {a) and a spark relay (b) with nano- 
accond precision. 


After the arrival of the trigger pulse at the rod Y a discharge 
takes place between the rod and alectrode 1. Ultravioley irradiation of 
this discharge initiates a breakdown between the main electrodes 1 and 2. 
The operation time of the trigatron is usually equal to 106 sec with a 
spread of the order of 107? sec oy. Theophanis /107/7 investigated the 
feasibility of triggering the trigatron with nanosscond precision. The 
trigatron was in a freon atmosphere with a pressure of 0.141 atmosphere. 
The maximum operating voltage was equal to 50 kv. Investigations showed 
that the operation time of the trigatron was shorter when the polarities 
of the trigger pulse and of the potential on the ungrounded electrode ars 
opposite. A pulse with an amplitude of 15 kv and duration of the leading 


edge of 2 « 10-8 sec appeared during the discharge of the capacitor through 
a thyratron /sic/. With a voltage in the trigatron with n=5 percent 
lower than the breakdown voltage the spread in the operation time was equal 


to 5 « 10°8 sec. With a decrease of um the spread decreased but spontaneous 
operations of the trigatron appeared owing to the random rises of the voltage. 


When an open end of a line (RZ, see Figure 5.6a) was comected to 
the electrede Y the amplitude of the trigger pulse doubled. In this case, 
for a “10 percent the operation time of the trigatron was eqwl to 2° 
© 10S sec with a spread of not more than 107? sec. The operation time of 
the trigatron and its spread decrease with a decrease of the duration of 
the leading edge of the trigger pulse. Tkis is connected with the creation 
of a large overvoltage betiveen the electrodes 1 and Yf. 


A spark relay has two spark gaps (see Figure 5.6b): the main gap 


= 97 = 








P, and the initiating gap Po fPreap?. Ultraviolet raddacion of the spark 
in Pp initiates a breakdown o {see Par. 1.1). For a stable opera- 
tion of a spark relay the distance between the gaps must not exceed a few 
centimeters. Tnvestigation_of the operation of a spark relay was carried 
out by I. S. Stekol'!nikow /357 who shomed that with wal ty 2 percent ani 
an operating voltage of about 10 kv the tine between the sreakdown of the 
initiating and the main gap is equal to 1#).5 -« 10-8 sec. The initiating 
discharge in these /35/ and later /807 investigations was created with a 
discharge of the capacitor in the spark gap. 


Godlove /36/ investigated the triggering of a spark relay with the 
insertion of P5 ina break in the cable over which a trigger pulse (ses 
Figure 5.6b) with an amplitude of about 7 ky and a duration of the leading 
edga t,22078 sec comes in. Owing to the steep leading edge of the trigger 

vltage pulse the gao of Po was broken down in the case of overvoltage. 

In this process the ~seepness of the leading edge of the light pulse was 
greater than in a ne. sork with a capacitor discharga, and the stability of 
the time tg, between the breakdowns of ine dischargers Py and Po was 
higher. In Figure 5.7 1g show the relationship of the time t, to the 
v lue of the voltage U in the gap of the main diacnarger Py, with spher- 
+:al brass and stainless-steel electrodes and interelectrode distance S= 
=3.18 mm and different distances / between Py and Pg. It follows from 
Figure 5.7 that the material of the electrodes has little effect on the value 
of ts. —— bes 





Figure 5.7. Relationship of the time 
betveen the operation of the dischargers 


P) and Py (see Figure 5.6b) to the 

voltage U on P, and to the distance | 

between the dischargers: 

@© and X — stainless-steel electrodes; 
@ — brass electrodes. 
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With the constant values of S ard with an increase of U the time 
tg approaches a certain limit which may be evaluated by the following for- 
mula : 


eS a (5.39) 
Rentsni Yp=Vavalanche/ fem %, ee vE' 





where Vy, is the velocity of the motion of avalanche in the gap; E — field 
strength at which the breakdown of the gap takes place. Depending on the 8 
and | the time t,, in Godlove's experiments /36/ amounted to 10-60 nano- 


seconds with a variation of n in a rangs of 0-5 percent leading to a varia- 
of tg2(1 to 2) tg, with spreads of about 10 percent of tg. 


It is shown in the works 67 and B that cleaning of the electrodes 
of the main discharger hardly affects the ue-of t5; the angle between the 
axes of P, and Po must not exceed 20°, It is not recommended to place 
barriers between Py, and Pp even when the barriers are made of the most 
transparent materials (LiF, etc.). 


The advantages of a spark relay consist in a complete electric insula- 
tion between the firing and the main gap with short times of the spread (about 


107 sec); the stability of the operating voltage is equal to 6 percent. 


The main drawback consists in the small range of operating voltages 
when the interelectrode gap of P, is constant. 


A three-electrode relay in the pulse circuits operates in the follow- 
ing manner (Figure 5.8a). The point A is connected to a source of direct 
voltage 0; and the point B is grounded through a load. The length of the 
gap P, is selected to be such that no breakdown would occur with the volt- 
age Uj), and P, —- such that it would not break down under the action of 
the voltage Us, of the trigger mulse. Upon the arrival at the point V of 
the trigger pulse U5 with a polarity opposite of that of the WU , the gap 
P, breaks dowm and the voltage U, is applied to Pj. The P, breaks dowm 


with an overvoltage the greatest magnitude of which may be created in the gaps 
P, and Py respectively and amounts to 


— U,+U, U1 
i ar rege er (5.40) 
Investigaticns of the operation of a three-electrode discharger £5] 
showed the following. To decrease the initiation time of the discharger 
and increase the stability of this time the amplitude and the steepuess of 
the leading edge of the trigger pulse should be increased. Spreads of the 


order of 108 gec are obtained with a steepness of 0-50 kilovolts/micresec 
and an amplitude of the trigger pulse equal to 50-70 percent of Uz. The 
operation of the discharger is considsrably accelerated and stabilized if 
the gaps Py and Pp are irradiated with ultraviolet rays. 
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Figure 5.8. Circuit diagrams of a three~- 
electrode spark dischargers: the usual 
circuit diagram (a); with an additional 
discharger P3; relationship of the oper- 
ation time of the discharger to the length 
of the gap in P, (c). 


In Figure 5.8b is show a circuit diagram of a three-electroce dis- 
charger with an additional spark gap of the P3 series-connected with the 
cable Iq over which the trigger pulse arrives /1087, To irradiate two 
gaps simultaneously the center electrode is divided into two and the gaps 
Pj and Pp are arranged as shown in Figure 5.8b. ‘The length of the spark 
gap Pz can always be set so that the delay of the breakdowm of this gap 


would be small. If Ry + Ry dz (Z is wave impedance of the cable l,), then 


the steepensss of the leading edge of the trigger pulse is doubled owing to 
the doubling of the voltage at the end of the cable. For a normal operation 
of the discharger it is necessary to have Ry >R,>Z. 


We will determine the relationship between the voltages U, and Up 
assuming that statistical delay time in Py and P, is equal to zero and 


that the trigger pulse has a perpendicular leading edge. Under these con- 
ditions the triggering time of the discharger will depend only on the time 
for forming tie disch:rge of the gaps Py and Poe Then, the following may 
be written on the basis of the formula (1.21): 
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Leerts] (= =a aa ; (5.41) 


but it follows from the apression (5.40) that 


apo? 


If in the equality (5.11) P, 4s substituted with the quantity P., then 
from the condition that 70 we will determine the optimum value of the 


2 
overvoltage P xs with which the operation time of the discharger will be 
minimal s 
Pre Bao — IP I. (5.13) 


It follows from the equations (5.43) and (5.42) that Po pth-82 and Ao? 


1.55. Consequently, the optimum relationship between the operating voltage 
of the discharger U, and the amplitude of the trigger pulse is 


U,=0,55U,. (Sel) 


In Figure 5.8c is shown the relationship of the operation time of a 
three-electrode discharger to the length S of the spark gap P3 with a 


voltage of 1) and 12 kv with the distances between the electrodes in the 

gaps Py) and Po remaining invariable. The duration of the leading edge 

of the trigger pulse is equal to 15 nanosec. The relationship between Uy, 
and U, approaches optimm relationship. w'ta S=0 the discharger operates 
without irradiation. Vertical lines correspond to the spread of the values 
being observed. The best results were obtained with a U ,=lh kv and S=0.1 mn. 
In this case, the operation time t,=(2+l) nanosec. A decrease of the volt- 
age to 12 ky (i.e. by 1h percent) leads to an increase of the time +t, to 


(62+7) nanosec. 


Works have recently appeared devoted to the investigation of vacuum 
dischargers and low-pressure dischargers, which make it possible to commutate 
the currents of up to hundreds of kiloamperes, have a long service life and 
a short triggering time. 


A. A. Brish, Ab. Dmitriyev et al /1097 have developed small-sized 
vacuun dischargers of the type VIR. In‘these dischargers the breakdown of 
the main gap is initiated by an auxiliary breakdown on the surface of mica 
which separates the electrodes of the firing gap. The use of this insulation 
layer makes it possible to reduce the breakdown voltage of the firing gap, 
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Figure 5.9. Coaxial make-up of a vacwmm discharger (a): 

A — anode, K -- cathode, P — mica layer, Y — con- | 
trollable electrode; make-up of a low-pressure discharger 
fb} and circuit diagram of a high-power vacuum discharger 
Cc e 


and the~sby also to reduce the amplitude of the trigger pulse. The discharg- 
ers of the type VIR have a large range of operating voltages. For example, 
VIR-7 operates reliably with a variation of the operating voltage from 10 kv 
to 100 volts. The triggering time of a discharger and its stability depend 
on the make-up of the discharger and the steepness of the leading of the 
trigger pulse. Coaxial make-up (Figure 5.9a) proved to be the best. With 
an amplitude of the trigger pulse of 2.2 kv and a steepness of the leading 


edge of 225 kv/microsec the triggering time isadbout 3° 107 sec with a 
spread of less than 1 « 10™ sec. A drawback of this discharger is the rel- 
atively small number of cut-ins and a large spread of the breakdown voltage 
of the firing gap. This sometimes limits their application. 


The low-pressure dischargers developed by S. I. Lohov, V. A. Tsukerman 
and L. S. kyg /757 de not have these drawbacks. The dischargers operate in a 
neon or argon atmosphere at a pressure p=0.l1 to 0.7 mm of mercury colum. 
The product of pS corresponds to the left branch of Paschen curve (see Par. 
1.1). In this case the breakdown voltage decreases with an increase of the 
interelectrode gap. 

















4 schematic arrangement of the electrodes in the discharger is shom 
in Figure 5.9b. The preseure and interelectrode distances in the discharger 
are set to be such that tne main discharge gap A-K have a breakdown voltage 
“which is on the left branch of Paschen curve and the woltage of the firing 
gap A=-P be about the minimm. Until the arrival of the trigger pulse a 
fomrd'discharge with a current of 10 microamperes burns between the trigger 
electrode P and the cathode K. After the arrival of a negative trigecer 
pulse on the electrode > the gap P-K breaks down; in doing so, the elec- 
trodes rush to the mode through the opening O is the cathode and bring 
about the main discharge betwesn the anods A and the cathode K. These 
dischargers operate in a range of operating voltages of 2-10 ky with an 
amplitude of the triggsr pulse of 2 kv and a steepness of the leading edge 
of 5 kv/microsec. The delay time of the triggering amounts to 20-0 nanosec, 
the operatin current is 3-5 kiloamperes. 


In Figure 5.9¢ is shown a diagram of the arrangement of the electrodes 
and a device for triggering the discharger with a cirrent of up to 200 kilo~ 
amperes, developed by Mather and Williams /110/. ‘he discharger consists 
of two identical sections 1 and 2 fastened insidea chamber out of hich gas 
is continuously pumped out by a rough-exhaust pump. The pressure in the 
chamber is kept at a level of 0.05 mm of mercury colum. After the operation 
of the thyratrons, trigger pulses with an amplitude of 20 kv and a duration 
of the leading edge of 10~%sec arrive on the firing electrodes of both sec- 
tions. The cable sver which the trigger pulses arrive is not comected di- 
rectly to the firing electrode. Oning to this, a doubling of the voltage 
of the trigger pulse takes place. ‘the discharger operates in a range or . 
voltages of 100 volts to 20 kv with a triggering delay time of (542) - 1o~ 
sec. Vacuum dischargers _and low-pressure dischargers for currents of 1,000 
to 2,000 kiloamperes /257and a wiltagofipio 100 kKilovolts /T117 are also knom. 


Par. 5 be Series Dischar 





Several series-comected spark gaps are called a series disch:rger. 
Usually the voltage is distributed among the spark gaps by means of resist- 
ences. Sometimes each spark gap is shunted by a capacitance. A series dis- 
charger has small dimensions of the electrodes and can be made in smaller 
sizes than a single discharger for a full voltage. 


G. A. Vorob'yov 2] proposed a circuit arrangement for obtaining 
pulses with a steep le:ding edge, where a series discharger is used (Figure 
5.10a). The potentials of the upper electrodes of the dischargers relative 
to the ground amount respectively to U,, Up and U,. The first one %o break 


down is usually the gap P, in which the "heating® capacitance C, discharges 

creating a conducting channel in the gap. Owing to the capacitance Co the 

potential at the point of its connection is kept practically constant. There- 
+ 

fore, the gap Po breaks down with an overvoltage pees where Voor is 

the breakdown voltage of Pp. The discharge of Co creates a conducting path 
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Figure 5.10. Circuit diagrams of a series 
multiple spark disch:rger (a) and of a pulse 
clipper (). 


in Po and maintains it in P,- In this manrer all of the n gaps succes- 
sively break dowm with an overvoltage. 


The number of spark gaps ina series discharger may be determined by 
setting a certain quantity 


v 
k sal 
LM) 
where j=l, 2, 3, eens; Ug is the potential of the upper electrode of the 
j-th gap. Under normal conditions the gap Py must have a safety factor 
equal to 


B56? jon x (5.45) 


a= , 
; Uz; —Uj-y 


where Usor is the breakdown voltage of the j-th gap. The connection be- 
tween ay and the overvoltage , has the following form 


y= (U7 - Of = = . So 
or 7 
rani (5.46') 
a a 
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It follows from this expression that 


k, = A, (1 — 4) = 4 () — 4)(1 —~ y)... = ay (1 — 1 — 4)... (5.47) 
X (l=). = he 4) (Ea) = tah 


Three methods of voltage distribution over the dischargers are of in- 
terest. 


1. Supposs 47 Y sconst. In this case, when tha factors e@ are equal 
all of the gaps break down with the same overvoltage P. Since kyl, then 
it follows from the expression (5.7) that t="! 


= Li (5.48) 
a= sot! 


2. With a wiifoma voltage distribution over the dischargers 


Wy and mE (5eh9) 


3. Suppose the voltage is now distributed over the dischargers in 
such a manner that k3-kosi9.-k3=.00k 9, but Korky yk. In this case it 
is easy to show that 

(5.50) 


ls 
a= +1. 


To explain the operation of a device with a series discharger it was 
assumed that in the process of the breakdown of the gaps the potentials of the 
electrodes of the gapS which did not break down remain unchanged, and that 
calculated overvoltages are attained in the gaps. Actually these conditions 
are not always observed. 


In the tims 5 between the breakdorns of the gaps P, - Pia the 
capacitance C j my discharge owing to tie shunting of a portion of the ac- 
tive divider by the broken-down gaps. To eliminate the discharge of Cy it is 
necessary that 


RiP 4 HDs: 
During the operation of the dischargers the potential distribution is affected 


by the self-capacitance of the dischargers C,.,, onto which the C j discharges 
after the breakdown of the Py1° Therefore, i is necessary that 


C5 >Cp ;" 


The value of the overvoltage at which the breakdown of the gaps takes 
place is also affected by the relationship between the commutation time ty j-l) 


- 105 - 





of the discharger Psa and by the delay vs of the breakdown of the gap 
P, relative to the breakiom of Pj. If bee gen) >t; then the potential 
difference in the gap will nct have time to attain the maximum valve of U5 
since a breakdorn of the gap P, will take place. In doing so, the over- 
voltage in the gap P; will be smaller than the calculated voltage. This 
increases the coamutaticn time of a series discharger. An analysis of the 
time between the breakdown of adjacent gaps in the air in relation to the 
values of C4, Ry and 25 inserted in the discharge circuit of the "neating" 
capacitance was carried out in the work /7/7 with different arrangements of 
the gaps. Iwo different distributions of the voltage over the gaps were used. 
In the first case with the number of the dischargers’ ne, R)=26.6 megohms, 
Ro=R331h,40.68 megohm; in the second case -- with n=3, Ry RyeR3210.2 megohms. 
The dischargers were arranged in sucha manner that a mutual irradiation of 
the gas would occur. 


In Figure 5.11 are shown the curves of the relationship of the time T 
between the breakdown of the second and third and also of the first and second 
gap tc the length of the gap in P,; for the first and second distribution with 
different values of the heating capacitances and of the loads Z. Vertical 
lines indicate the spread of the values obsarved, The value of 0 ;sconst=C. 


The increase in the spreads of the value of ® with an increase in S 
is connected with a decrease of the overvoltage in the gap, and the increase 
of thuse spreads with a decrease of Cy is explained by an attenuation of 
the intensity of irradiation. Using the curves 1 and 3 in Figure 5.1lle it 
is possible to determine the total time +t, of the discharger operaticn from 
three gaps: +t,=% + %3. Thus, with a safety factor =10 percent and So= 


=53=1,4 mm, t,=20 nanoseconds. The velue of t, decreases and becomes more 
stable with a decrease of a, and it is also not sensitive to the value of C 
up to .a certain minimum value of C4,%30 picofarads. With C,<C,, the tg 


greatly increases and also the spread of its value. With Cy PC sn the %, is 


steplessly regulated by varying the distances of the gaps but up to a certain 
limit determined by the necessity of creating a certain overvoltage in the gap. 


With certain additions the diagram in Figure 5.10a may also find another 
application. If a series discharger is installed as the first discharger of a 
pulsed-voltage panerator using Arkad'yev—Marks circuit, then the synchroniza- 
tion of a GIN sad-voltage generator/ and electronic cscillograph may be 
made easier and stabilized. 


If different circuits are comected to the gaps of a series discharger, 
then these circuits will cperate at the instants which differ little from each 
other. This can also be achieved if the circuits are left uncoupled to each 
other and their dischargers are irradiated with sparks obtained in the gaps of 
the series discharger. 
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Figure 5.11. Relationship of the time TU between 
the breakdown of the dischargers to the length of 
the gap S in the first (a, b) and sects) 
distribution of the voltage: 


(a) %3(S3) ‘with S93 m, C 43500 picofarads;1 — Z42 
"03 2 — 739120 ohms; 3 — 25=104ohms; , — 24503 
(b) %3(83) with 85=3 mms 259120 ohms; 1 — Cys 
22,500 picofarads; 2 — C3500 picofarads; 3 ~- C,= 
233 picofarads; (c) 1 — %.(S.) with C431,000 pico~ 
farads , 24275 ohms;  — 335) with 24=00. 


If load impedances are placed in the circuit of the heating capacitances, 
then pulses repeating at a certain rate will be separated on these impedances. 
In order that these pulses be short, it is necessary to connect special cir- 
cuits to the load impedance to clip a pulse to the necessary duration. The 
time between the pulses willbe eatrolled bythe length of the spark gaps. These 
pulses may find application in high-speed photography for taking frame-by-frame 
photographs with the aid of electronic-optical converters and electrooptical 
shutters. 


Light flashes with a small controllable interval of their recurrence 
can be obtained with the aid of a series discharger. Flashes appear as a re- 
sult of a breakdown of the spark gaps. A series discharger can serve as 
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a circuit for delaying high-voztage pulses with a stesp leading edge. The 
pulse which has to be delayed for a time +t, is sent to trigger the dis- 


charger P,. After the breaiciown of the discharger P, a new pulse will 
appear on 2),,q With a certain delay t, relative to the input pulse. The 
time ts steplessly regulated by varying the length of the syark gaps P4e 


In the work /1137 are given data on the use of a series discharger for 
obtaining clipped waves with an amplitude of 500 kilovolts and higher. The 
discharger (see Figure 5.10b) was connected to a pulse generator using Arkad'- 
yeve-Mariks circuit. The distribution of the voltage over the gaps of the 
discharger was accomplished by means of an active divider with a total in- 
pedance of 39 iktliohms. Each spark gap represented atrigatron. The discharge 
took place in each gap between the lower hemisphere and a segment of the 
r.pper elsctrody. In doing so, a potential difference would appear between 
the hemisphere and the firing electrode in the following gap with this poten- 
tial differenca bringing about the initiating discharge. Natural capacitances 
-etween the electrodes anc between the electrodes and the ground are used as 
the heating capacitances. ‘The pulse duration is set by the delay line IZ. 
Suporimposition of several oscillograms with a clipping time of a few tenths 
of 1 microsecond showed a practically complete coincidence. Tho spread of 


tr> operation time of a series discharger is less than 1077 sec. 


Par. 5e7e Generators 


In obtaining high-voltage pulses of nanosecond duration the inain prob- 
lem is to decrease the duration of the leading edge of the pulse. In tie gen- 
erator3s using the dischargers this is achieved by decreasing the spurious 
parameters of the discharge circuit and the commutation time. The comnuta- 
ticn time t, is decreased for many generators upon placing the discharger 
into a chamber with a high pressure and upon creating an overvoltage during 
the breakdown of the discharger. 


A peaking spark discharger the theory of which was given in Par. 3.2 
is often used in generators with a gap overvoltage. 


In 1917 Herz ey used for the first time a series connection of a 
long line with an oil-filled spark discharger to obtain short waves. Buravoy 
LC: 3./ created a generator with a peaking discharger in oil to obtain high- 


voltage pulses with a duration of the leading edge of about 1079 sec and an 
amplitude of the order of 100 kv. This generator was used to investigate the 
delay of a pulsed breakdown of gases. 


In Figure 5.12a is shown a diagram of one of the generators developed 
ny Fletcher /277, in which a spark discharger under a pressure of about 100 
atmospheres in nitrogen is used for peaking a pulse. The primary pulse ie 
Shaped by coaxial cable I, which is charged through the resistance R, from 
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Figure 5.12. Diagram of a pulee generator with 

a peaking discharger in nitrogen under high pres- 
sure — a: 1 — mercury lamp; 2 — three-elec- 
trode discharger; 3 — peaker; 

and diagram of a generator with a thyratron can- 
mutator — b: 1 — primary-pulses generator using 
thyratrons; 2 — coaxial devices for pulse conver= 
sion; 3 — peaker; l; — differentiating secticn. 


a source having a voltage of 20 kv. A three-electrode discharger is used 

in the primary-~pulses generator. Aiter the arrival of a negative trigger 
pulse of -5 kv at the center_electrodje the discharger operates and a pulse 
with a te, /f=leading edge/ of about 20 nanoseconds is received in the 
cable Ij. After the peaking the duration of the leading adge decreases to 
t£o 0-3 nanosec. An important drawback of this generator is the larga value 
of tg, ° Owing to this, instability in tf, is observed and, in addition 


toe this, it proved to ba necessary to maintain a high pressure in the peaker 
to decrease the tr,- 


In the generator developed by Heard /787 the value of te, was de- 


creased owing to the use of two series-connected hydrogen thyratrons with a 
steep commutation characteristic (see Figure 5.12b) as a commutator in the 
primary-pulses generator. The lower thyratron Ty. is triggered from the 
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trigger pulse and the thyratron T, proves to be energized by a double 


overvoltage and quickly operates. Voltage pulses with an amplitude of 

25 kv and a duration of the leading edge of 1.7 nanoseconds are obtained 
at the output of the thyratron generator. Structurally the generator using 
thyratrons is made in the form of a coaxial line. This ensures @ good 
matching with the shaping cable and connecting cables and makes it possible 
to reduce the spuxious parameters of the generator. The peaking discharger 
is in the air at atmospheric pressure. After the peaking of the leading 
edgs the pulse is shortened by a short-circuited section. The duration or 
the pulse at the output is controlled by the length of this section. Aftar 
the peaker the duration of the leading edge of the pulses decreases to 0.6 
manosecond and the pulse duration is equal to 2.5 nanoseconds. 
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Figure 5.13. Diagram of a generator of 
pulses of controllable duration using a 
series spark discharger as the commutator. 


Key: (1) I, (2) Ly (3) Triggering of 
EO [electronic oscillograph/ {h) PK -162 
[eype of cable/. 


Te Figure 5.13 is shown diagram of a generator /T15/7 in which a series 
discharger with three spark geps described in Par. 5.6 is used as the comu- 
tator. The cable I, of three meters in length is charged frem a direct- 
voltage (30 kv) source. After the operation of the discharges P a voltage 
pulse with an amplitude of 15 kv and a duration of 0 nanoseconds appears in 
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the cavle In. The operation of the comuutating device starts with the 
breakdown of the first gap. After this, the second and third gaps break 
down with an overvoltage. 


The duration of the leading edge of a primary pulse tf, decreases 
with an increase of the overvoitage in P3 but with a relative overvoltage 
P32 te, it hardly decreases and with (C1=C9=30 picofarads amounts to about 


5 nanoseconds. A correctimg capacitance C,=50 picofarads is used to de- 
crease the tp, +0 2.5 nanoseconds. A peaking discharger Pz, was used in 


the air under normal conditions for a further decrease of the duration of 
the leading edge of the pulse. The optimum length of the peaking gap is 
about 3 mn. After the peaker the duration of the leading edge of the pulse 
did not exceed 1 nanosecond. A "clipping" discharger P, built-in into the 
chamber of the discharger P (see Par. 3.2) serves to decrease the duration 
of the pulse. The discharger P, is irradiated with ultraviolet rays from 
a spark in a special gap Poe The instant of the breakdown of the gap Po 


is synchronized with the triggering of the commutator in the following manner. 
The voltage is distributed among the Po, Pp and the pushbutton "Triggering" 
in proportion to the values of the resistances ry, ro and P36 Upon depressing 
the pushbutton "Triggering" an overvoltage is created in the gap Py and it 
breaks dom. The discharge of the capacitance Cy thrceugh the Po creates 
& spark necessary to eliminate statistical delay in the gap P,. After the 
breakiowmm of Po the gap FP, proves to be energized with an overvoltage and 
breaks dorm bringing about the operation of the commutator. The pulse dura- 
tion js controlled by the length of the clipping gap ina range of not more 
than 0-40 nanoseconds. 


A generator of pulses having an amplitude of 50 kv with the use of a 
peaking discharger was developed by Tucker [157 e The comnutating discharger 
of the primary-pulses generator is under a pressure of 6 atmospheres in ni- 
trogen atmosphere. The commutator operates upon a sudden decrease of the 
pressure in the discharger chamber. Pulse gencrators in which overvoltage 
in the spark gap is used to decrease the duration of the leading edge are 
described in the works /T, 11, 22, 23, 1167. 


The duration of the leading edge of a pulse obtained in a generator 
with a peaking discharger has a certain statistical spread uwing to the fact 
that the delay in the breakdown of the peaker bears a statistical character. 
Generators with commutating dischargers under high pressure are used to cor- 
rect. this drawback. Such a gengrator was developed by Fletcher £27. A 
three-olectrode discharger under nitrogen pressure of 2 atmospheres was used 
as the commutator. The shaping element is a coaxial cable. When using a cor- 
recting capacitance the duration of the leading edge of the pulse at the out- 
put of the generator is equal to Oey nanosecond with an amplitude of 20 kv. 
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Figure 5.1). Basic diagram of a relaxation 
generator of short pulses: EO — electronic 
oscillograph; PYa -- the plates of the event; 
capacitance C is inserted when obtaining 


pulses with a t4>10% sec (a). Photograph 
of the discharging device of the generator (b). 


Key: (1) The triggering cf EO; (2) To the PYa; 
(3) To the load 


In another generator with a commutating discharger at a high pressure 
a caracitor is used as the shaping element. Therefore, the ratio of the 
pulse amplitude to the charging voltage is about 1. The valve of the shaping 
capacitance 2 C3 is 1,000 picofarads (two parallel~connected capacitors of 
the type KOB-2) (Figure 5.lha). ‘lo decrease the inductance L of the dis- 
charge circuit the capacitors were placed inside a discharge chamber in which 
a pressure of 9.5 atmospheres was maintained. During the breakdown of the 
discharger the shaping capacitance discharged into the cable L. The load 
in th. cable had an input capacitance of 10 picofarads. Therefore, it was 
necessary to calculate the cptimm value of the wzve impedance Z of the 








load cable L. Since the duration of the leading edge without taking account 
of the commutation is determined from the expression: 


~9 ob 
tp, =202y 3 


the duration of the leading edge on the capacitive load C, may be found 
from the following formula analagous to the formula (2.3) 


ge V. (22+) + Qizey. (5.51) 


where 1.1 ZC, is the duration of the leading edge of the pulse on C, dur- 
ing the action of a rectangular pulse. From the condition 70 we will 


find the optimum valve of the magnitude of the impedance Z at which the 
leading edge of the pulse will be the smallest, 





ae (5.52) 
Z.=)/ 2 = : J 
On the basis of these calculations a wave impedance of the line L equal to 
37.5 ohms (two parullel-connected cables PK-3) was taken. The pulse duration 
was controlled by the length of the short-circuited section In. The pulse 


repetition rate was changed steplessly from 1 to 50 cps by changing the values 
of the charging resistance , and of the voltage of the charging device with. 
a constant length of the discharger gap. With a constant pressure in the 
chamber the pulse amplitude was steplessly regulated from 4 to 18 kv. The 
pulse duration at the output was equal to 3 nanoseconds with a duration of the 
leading edgs of less than 1 nanosecond. In Figure 5.1ib is shown a photograph 
of the discharge device of the generator. 


A generator with a shaping cable was developed to obtain pulses with 
and amplitude of 150 kv and a current of 5 kiloamp. The power for the gen- 
erator is supplied by pulses with an amplitwie of 300 kv from dArkad' yev-Marks 
generator. The shaping and the load lines were made of coaxial copper pipes, 
and transformer oil was used as the insulation. The discharger was in a her- 
metically sealed chamber wider a gas pressure of 10 atmospheres. The adjust- 
ment of the length of the gap was accomplished by turning the inner conductor 
of the shaping line on the side of the charging voltage. Pulses with a dura- 


tion of the leading edge of not more than 1 nanosecond and a flat top of 2 ° 
- 108 seconds possibly appeared at the output of the generator. 


Generators of high-voltage nanosecond pulses using high-pressure dis- 
chargers are described in the works fA, hy Tay 225 1187 . 


- 133 - 





Par. 5.8. Obtaining High-Voltage Pulses in Voltage Multi Circuits 








Figure 5.15. Simplified circuit diagram (a) 

and longitudinal sectic. (b) of a GIN /volt- 

age pulse generator/ with dischargers com= 
pressed gas: 


1 -= capacitor; 2 — bushing; 3 -- bakelite 
pipe. 


Voltage pulse generators GIN using Arkad'yev-Marks multiplying circuit 
are used in high-voltage laboratories to obtain pulses with an amplitude of 
hundreds and thousands of kilovolts and a duration of the lsading edge on the 


order of 1077 to 10 sec. Such pulses are necessary for high-voltage tests 
of power equipment and for carrying out certain experiments in physics [a, 
22, 2/7. ‘he shortest possible duration of the leading edge of the pulses is 
limited by the capacitance C of the load and of the wiring of GIN and by 
the inductance of the discharge circuit L, which increase with an increase 
of the dimensions cf GIN, i.e. with an increase of the operating voltage. 


In Figure 5.15a is shown a simplified circuit diagram of a pulse gen- 
erator built by Schering and Raske Ti for 500 kv. The generator uses a 
multiplying circuit; to reduce the commutation time the discnargers are 
placed in it in a chamber with carbon dioxide undex a pressure of 13 atmog~ 
pheres. There are five stages in the generator; two capacitors for 50 kv 
are series-connected in each stage. The capacitance of the GIN "in a stroke" 


= ab 





amounts to 0.0033 microfarad. The low-inductance plate capacitors consist 

of a larger number of parallel-connected plates of aluminum foil with paper 
insulation. The length of the capacitor is 108 cm, the width is 75 cm. To 
decrease the inductance of the discharge circuit the capacitors are “zigzag"- 
connected forming a bifilar conductor during the discharge. In Figure 5.15b 
is shom a longitudinal section of the generator. The length of the leading 


edge of the pulse with an amplitude of 375 kv is equal to 1.1 « 109 sec. 
The dimensions of the generator are: height — 180 cm, the base — 140 x 90 cn. 


Ceaxial cables may be used as tho shaping devices in order to decrease 
the inductance of the discharge circuit of the GIN. Rectangular pulses with 


an amplitude of 80 kc, prise duration of 0.8 microsec and duration of the lead- 


ing edge of 1078 sec were obtained in such a generator with six coaxial cables. 
A voltage pulse generatcr with shaping cables is described in the work / 22 7. 





Figure 5.16. Simplified circuit diagram of a 
GIN with a compensating capacitance (a), a com- 
plete substitution network of the discharge cir- 
cult of the GIN (b) and arrangement of the com- 
pensating capacitor (c): 


1 -- capacitor plates; 2 -~ shield; 3 — trans- 
former 011;  -- the load Ry. 


It follows from the foregoing that in order to decrease the leading 
edge of the pulse the commutation time +t, of all dischargers and the in- 
ductance L of the entire discharge circuit are decreased. If compansation 
of the inductance of the discharge circuit of the GIN by means of inserting 
a noninductive capacitance as shown in Figure 5.16a is used, then there is no 
need to decrease the +t, and L in the entire discharge circuit of the gen- 
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erator. it is sufficient to do this only fer the circuit C, Po, Ry. A sin- 
liar decrease of the value of t, ina single-stage GIN is daseribed in the 
Par. 3.2. 


The capacitor Co=Cy, is selected with a low self-inductance and the 
circuit Co, Po, R which is energized by pulsed TORney alone has small di- 
mensions and on uctance. In selecting the value of Co determining the 
quality of the flat portion of the pulse the characteristica of the opera- 
tion of the circuit shown in Figure 5.l6a are taken into account. 


In doing so, the substitution network of the discharge circuit (see 
Figure 5. ase) of the GIN will consist of two circuits and two commutators 
Ky and Kot . is the penultimate discharger and Ko -—~ the last discharger 
of the GIN. The comnutator Ko operates following a certain time t, after 
the operation of Kj}. Upon ths closing of the commutator Ky oscillations 
are excited in the first circuit, which after the operation of Ko may be 
transmitted to the load. If it is necessary to eliminate these oscillations, 
then the resistance Ry, is inserted in the first circuit. We will analyze 
the operation of the circuit when C1 PCy assuming the capacitor C) as a 
source of direct voltage nU,. If Rd, <2 41, then upon the closing of Kj, 

C2 


the voltage across the Cy and the current in the first cee will vary 


in accordance with the following law: helty=1— e7?" (cost + + sinet), 
as (5.53) 
i, (t)= an e7*! sinwf, 
where : 
ery Ri , _ Fa . (5.53") 


a 
t= te i a 
The shape of the pulse will be different, according to the values of Ra; and 


tz. To analyze the process at tha top of the pulse we will consider that 
19205 Cm; Rag €kn3 400. 


iy 
Depending on the operetor a? the voltage across the R, will 
assume the following form after the closing of Kp» 


fe (ty) BG? 4 [Ae (96 + Al-g +3 
Qe Bg sl td ted . (55h) 
where 
Ry, Cc; . —_ Re, RiGa RCs u d = Rn + Ro, ° \ 
a=, b= ii . R, (5.5h ) 
A= i(t,) R,. 


If Rg, is comparable in value with R,, then Ry + Rao instead of R, should be 
written in the expressions for B, b, d, A. Since the parameter A may be ex- 
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pressed in terms of B, b, d, then h(q) depends only on theses parameters. 


The original of the representation (£.54) has the following form 


hey =—2[t- rth 1 "sin (e+ — 9)] . (5.55) 
where ig. te a=/t (i+ oy 
Bie aR ee B 4B ° (5.55') 


tgo= 2B [he (t;)d — I] 
2 7 2d fig (ts) b + Al + (1 + 83 [the (4) — 1] * 


Three cases are of interest. 


te i & =o te. (5.56) 
“4 

In addition to this, it follows from the equation (5.54) that the pulse ampli- 
tude will amount to a valus of ha=2 (Figure 5.17a) when TO, i.e. a doubling 
of the voltage takes place at the output of the GIN when the conditions (5.55) 
are observed. Moreover, it turns out that it is possible to obtain even a 
fourfold increas«. of the voltage. Indeed, suppose Rg o803 CDCo3 loth; Ry? 
aoa, and ty,*0 (i.e. the damping action of the spark resistance does not show). 


Then, considering the voltage at the input of the second circuit (across the 
capacitor Co) as a consiant voltage and equal to 2, we will obtain 





An oe ' 
Tue): (5.56") 
Consequently, at the instant cf time t= LC we have h=. 
e ee —_— e 
2 0 R= oe. toe (5.57) 


When the first condition is observed the voltage across Cy increases nearly 
monotonically to h=l (the horn at the top is less than percent). No effort 
should be made to achieve a complete morotonicalness of h(t) since this leads 
to an increase of Qy, and a decrease of the puise amplitude at the output. In 
this case the voltage h(t) depends only on the parameter B since 


b= 2B: d=i + y=: p= te A tJ=1; 


ee (5.57!) 
A=O; = Bt tgge= 28+ 2VB - 
The characteristic h(t) is shown in Figure 5.17b. 
The parameter B may be limited below ty a permissible quantity = 


which is a steady-state value of the pulse voltage h(oo). In doing so, 


Ba lo) (5.58) 


= [1 —A(eo)p 


ath cs 





Figure 5.17. The shape of the voltage on the 
elements of GIN under different conditions: 


a-- Ra, 703 ty x 1 — voltage acrose R, in 
aperiodic process; 2 — voltage across R, in 
oscillatory process; 32 — voltage across C 

without the closing of Ko; b — et 3 


T= 00. 


To obtain a pulse approaching in shape a rectangular pulse the value 
of h(Oo) must approach unity. For example, when h(00)>0.9, the parameter 
B 2162. In order to have a compiete notion ef the characteristic h(t) it is 


also necessary to know the value of Do: For this purpose we will determine 


the smallest value of ,, from the equation ate =O and substitute this 


value inte the equation (5.55). With the iarge values of B which are obtained 
from the equalities (5.57), nh, will be determirsd from the following simple 


relationship _ se 
seaaiail aioe : ) (5.59) 


Vs 
where e is the base cf a natural logarithm. With the values of B indi- 
cated the second term of this expression is much smaller thanl. Therefore, 
it may be neglected and then h,Wh(oo), i.e. the wltage at the top of the 


pulse decreases nearly monotonically from 1 to h(ag). 
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_ 3. t= am. Re, «Ry =2y/ te. (5.60) 


Processes taking place in the circuit in this case are similar to those in 

a single-stage GIN with compensation, which was examined in Par. 1.3. If Co 
is selected from the equation (3.8), then the shape of the pulse will approach 
rectangolar shape and the amplitude will be equal te nUy. In practice this 
case may be realized if the breakdown of the last discharger (the commutator 
Ko) is delayed for a time equal to 1 when the oscillations in the cirsuit will 
be damped. The aggregate resistance ef the first circuit and the dischargers 
contained in it may serve as the Rq,- In all of the three cases the duration 


Bat steepness of the leading edge are determined by formulas (2.16) and 
(2. 6 e 


Using the compenration method a GIN was built for obtaining pulses 
with an.amplituie of 150 kv. ‘he generator consisted of five stages with 
two-way charging with < voltage of 15 kv. Each stage consisted of two series- 
comected capacitors KBGP with a voltage of 15 kv. The parameters of the GIN 
were as follows: Ry21,500 ohms; 1y=2.7 - 10-6 henriess 1550.39 - 10 henrias; 
Co#250 picofarads; Comh picofarads; C1=1,500 picofarads; Ry)~100 ohms. A co- 
axial cylindrical capacitor filled with transformer oil (see Figure 5.16c) was 
used as the capacitor C5. Copper pipes served as the capacitor plates: an 
outer pipe — grounded, an inner pipe -—- insulated. A glass tubs with an 
aqueous solution of NaCL which was the load resistance R, was built-in co- 
axially with the inner pipe. A discharger P, was built-in between the wi- 
grounded end of the R, and the immer piate of the capacitor. Such a dasign 
of the capacitor Co substantially decreased the value of Ly. The duration 
of the leading edge of the pulse obtained in this generator was 5 nanosec. 
Without the use of the compensating capacitor tp was equal to 55 nanosec. 
Thus, the use of capacitive compensation of the inductance of the discharge 
circuit made it possible to decrease the duration of the leading udge by one 
order. In addition to this, it 1s important that tp depends only on the prov~ 
esses in the circuit Ryy Co, Po and, therefore, in order to obtain a pulse 


with a steep leading edge any laboratory GIN may be used regardless of the 
value of inductance in the discharge circuit. 


Arkad'yev-Merks multiplying circuit has many spark dischargers. This 
has a bad effect on the stability of the parameters of the pulse and compli- 
cates the fabrication of the circuit and its handling. The voltage multiply- 
ing circuit with cable lines suggested by Lewis /121/ has advantages in this 
respect. Several identical coaxial cables (in t®e general case n cables) 
are parallel-connected at the input and series~connected at the output (Fig- 
ure 5.18a). If a pulse with an amplitude E is sent to the input of the cables, 
then an increase of the voltage by n times may be obtained across the re- 
sistance R,=nZ with the impedance of the points on the sheathing of the load 
leads relative to the ground being Zg=oo, Actually the impedance 25 “oo. 


Therefore, it affects the value and shape of the voltage at the output of the 
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device, as this follows from the substitution network in Figure 5.18b. 
The matching of the device may also ba achieved with the condition 4= Z, 


Reo. The length.of.the cable should exceed the length of the pulse. 
The impedance Z, depends on the arrangement of the cable sheathing. To 
increase the 2, the cable has to be twisted into a coil or wound on an 
insulating rod and inserted in a shielded housing. In the latter case tue 
Zs will be equal to the input impedance of a spiral coaxial line with the 
cable sheathing as the inner conductor. 


With the aid of a network with n cables it is possible to obtain 
a multiplication of the voltage by 2n times if the conditicn 2)-0, Ry PnzZ 
is satisfied. However, in this case the primary pulse will be accompaniad 
by additional pylses brought about by multiple reflection of the pulse from 
the beginning and end of the cable. To eliminate these refiectione the load 
may be shunted by a discharger which closes at the necessary instant of time. 


An analysis of a ladder network of n active L-shaped two-terminal 
pair networks Se Figure 5.18b) shows that the voltage at the output cf 


such a device a 
2E (d—aty 


FD. = SS (5.42) 
out ay {(1+ AE) as e-y 4 Zana 1-4] 
where 
: z 4 Z i 
pele VW & (14) : (5.61 ) 


Tt follows from the expression (5.61) that with an infinite number of 
cables and a matched load Rp=nZ the voltage 


QE’ 
n=: (5.62) 


Consequently, the voltage at the output of the transformer will be dete ned 
by the ratio z and net by the number cf cables. For example, when 7 710 


the voltage U,,; will amount only to 7.5 E. Consequently, with a specified 


z it is always necessary to search for a certain optimum number of cables 
n with which Up,¢ approaches the maximun (5.62) and their number is within 
reasonable limits. With an open end of the multiplier the voltage at the 


1) It should be noted that the formula obtained by Levis /T217 for 
Uout 1s incorrect. This may be ascertained upon substituting: 2g = rie 


= Ta 





| 





output has the following form 


ioe = ED (5-63) 
we 1) et) 


It is easy to show that with a very large number of cables n forma (5.63) 
will change into the equality (5.62). 


The expression (5.61) was cbtained without any prelixinary cenditions 
relative to the character ef Z, Z and Ry. In the general case 2, and Ry 
may be of the operator form. Therefore, formula (5.61) may be used to take 
account of the effect of reactanoes on the pulse shape. Rpen rolling the 
cables into a coil it 18 mecassary to consider that Z%g* — , where C is 


Cp 
the capacitance of the coil relative to the ground, to analyse the loading 


edge of the pulse. In analyzing the top of the pulse it is necessary to con- 
sider that 2g=Lp where L is the inductance of the coil. In addition ts 
this, the magnitude of the leading edge of the pulse will be affected by the 
inductance of the connections of the cables at the end, and also by the capac- 
itano? and inductance of the load. A. I. Pavlovakiy and G. V. Sklizkov 27 
develcped a device for cbtaining high-voltage pulses with five sections of 
the cable RK-106 (see Figure 5.18c). The primary pulse is shaped by means 

of cable sections with a length of 25 meters (FL) connected in parallel. A 
length of the transforming line (TL) no smaller than the length of the pulse 
ls selected. To increase the Zg the line sections are wound into coils on 
an insulating pipe. A discharger of coaxial design operating under é pressure 
of several atmospheres was used as the comutator. 


The authors state that with a charging voltage of 70 kv a pulse with 
an amplitude ef 160 kv, a current of 600 amperes and a duration of 0.25 micro- 
second was obtained in such a generator using a matched load. A pulse with 
an amplitude of 300 kv and duration cf the leading edge of 50 nanoseconds was 
obtained with a load resistance R,=2 kilohms. 


Par, 59. Obtaining Short Pulses in Networks With Nonlinear Inductance 
In some of the ferroxzssietic materials the curve describing the rela- 


tionship of magnetic inductivity jm to the current i floring through the 
coil has a clearly marked maximum (Figure 5.19a) with a certain current 4. 


With the currents i>i, and i<i, the value of pm is several orders 


smaller than with i=i,. K 
af LS & 
U il Fi 
, b 


a 4 
Figure 5.19. Relationship of magnetic indwtivity 
to the current (a) and simplified circuit diagram 
for obtaining pulses (b). 


~- 122 - 





Kult [i 8/7 suggested the use of this property to obtain high-voltage 
pike-shaped short pulses. He usod a ceil with a ferrite core. If such a 
coil is inserted into a circuit with a quick changing of current, then 
conditions are created for obtaining a short voltage pulse on the coil With 
an inoresvo ef the current the inductance of the coil L reaches its maxi- 
mum value L, ata certain instant of time +t, which corresponds to the 
current i,. In doing sc, L increases considerably faster than the current 
passing through the coil. This brings about a steep leading edge of the 
pulse. If the current increases further at the same rate, then the inductance 
decreases approximately in the same time to its minimm valus Io. 


The voltage on the inductance is equal to 


UpeL(t) Se. 


Consequently, to obtain a large pulse amplitude it is necessary to haves a 


high degree of the steepness of the current ah in the circuit. To satisfy 
this condition it is necessary to use a commutator with a short time tye 


For example, Kult used a high-voltage gen thyratron. S. I. Andreyev, 

M. P. Vanyukev and V. A. Serebryakov /1237 showed that an effect similar to 
that described may be obtained if a heavy-gage conductor with ferrite rings 
put on it is used. In doing sc, the voltage pulse is taken off from the ends 
of the conductor. A circuit arrangement for obtaining short pulses by means 
of a coil of ferromagnetic material and a device with ferrite is shown ir 
Figur 8 5 elL9b. 


If the resistance Ry is lower than the critical resistance Ror corre- 
sponding to the values of the capacitance and inductance of the circuit, then 
one positive and one negative voltage pulse on the inductance IL will corre~ 
spond to each half~period of the current. The decrease of the amplitude of 
the pulse train forming in this process is determined by the paramters Ro, 

L and C of the circuit and by the voltage at the input Up. When Ro>Rpy it 


is possible to obtain a single pulse if the steenness of the current on the 
rise i8 much greater than on the droop. The last is achieved by selecting 
the value of the resistance Ro. 


An experimental investigation of the effect of the type of ferrite and 
ef the parameters C, Ip and Ro of the discharge circuit on the amplitude and 
duration of pulses was carried out in the work £297 « A spark discharger was 
used as the commutator. A brass conducter on which ferrite rings were placed 
had a length of 0 mm and a diameter of 20 mm. Nickel-zinc ferrites (F-600, 
F-1000, F-2000), magnesium-zinc ferrites (‘T-2000) and ferrites with a rec- 
tangular loop (K-27, K-65) were investigated. The pulses obtained in a net- 
work with ferrites of the first and third type differ little from each other. 
When using the ferrites of the brand MI~2000 a substantial difference of the 
pulse parameters in comparison with the other parameters was observed. The 


Ee 








amplitude of tha pulses increases with the increase of the charging voltage 
Ug. In doing so, tho duration of the pulses decrvases. For the ferrites 
F=2000 and MT-2000 (with Cu3,300 picofarads, i=0.1 microhenry) the ampli- 
tude of a single pulse (R220 ohms) is considerably smaller than that of the 
pulse with the largest amplitude in the train (Ro=0). 


The value of the capacitance © has little effect on the duration and 
amplitude of the pulses. However, by varying the value of C it is possible 
to control the frequency and the attenuation rate of the amplitude of the 
pulses in a train. An increase of the inductance L in the oirouit leads to 
a decrease of the amplitude and increase of the duration of the pulses. An 
increase of the resistance Rp from 20 to 160 ohms has practically no effect 
on the duration of a pulse and its amplitude. 


It is necessary to bear in mind that the pulse parameters cannot be 
determined with the aid of static characteristics of the ferrites. For this 
purpose it is necessary to take into account the relaxation processes con- 
nected with the magnetic polarity reversal of the ferrites in a time of ap- 
proximately 10-9 sec. 


Pike-shaped puises with an amplitude of cp to 10 kv and a duration 
ti%5 +¢ 10-9 sec were obtained in the works /8, 1237 by means of a coil with 
a ferromagnetic core and a device with ferrite. doing so, it proved te 
ta possible te transform these pulses by means of a transformer with a ferro- 
magnetic core {8 7. The primary and secondary winding of this transforner 
was wound on the core in the form of a ring. The amplitude of the transformed 
vulse amounted to 30 kv and duration increesed to 107! sec. 





CHAPTER 6. MEASUREMENT OF PARAMETERS OF HIGH-VOLTAGE NANOSECOND PUISES 
Introduction 


Electronic oscillcgraph EO is the most suitable instrument making it 
possible te measure parameters of short pulses with acceptable accuracy. The 
voltage delivered to the plates of the event PYa of the electronic escillo- 
graph is usually equal to 1-3 kv. Therefore, to measure pulses with a large 
amplitude a voltage divider DN is necessary which produces at the output a 
pulse with a lower amplitude. In Figure 6.1 is shown electric circuit of an 
apparatus for measuring the high-voltage pulses. The connecting wires be~ 





Figure 6.1. Simplified circuit diagram for 
measuring the pulse voltage: 


IO -~ the object being tested; DN -- voltage 
divider; K -- coupling cable; PYa -= the plates 
of the event; R and Rqg — damping resistances; 
L -- inductance of the connecting wires. 


tween DN and IO create on DN a voltage different from the voltage on I0. The 
voltage at the output of DN differs in shape from the voltage acting on tlie 
DN owing to the influence of the spurious parameters of the DN. Attenuation 
of the wave in the cable connecting the DN and PYa leads to a smoothing of the 
leading edge and a decrease of the amplitude of the pulse propagating over 

the cable. With the effect of the capacitance of the PYa and inductence of 
tha connecting wires the voltage appearing on the PYa differs from the voltage 


io 





at the output of the cable. Ali elemente of the high-voltage measuring cir- 
cult must be selected in such a manner that the aggregate distortion of the 
pulse being investigated be within nermissible limits. 


Par. 6.1. Analysis of Errors Appearing During the Measurement of Volta 
Pulses 


The ebject of the analysis consista in determining the errors intre- 
duced by each element of the network (Figure 6.1) and by the entire netrork 
as a whole. Each element of the network may be represented as a two—terminzl 
pair network the anulysis of the transient process in which is carried out 
by the single-function method or by using the harmonic analysis. 


1. Singls-Function Method 


The function h(t) — an expression of the sigual at the output of the 
circuit upon the action of a single function on its input — is called the 
transfer characteristic of the circuit. Upon the action of the voltage 0(t) 
o: the input of the circuit the output sienal is equal to the following if 
Duhamel integral is epplied 


t 
S(j= fae W (dt, (6.1) 


vihure U'(t) is the time derivative. 

Pulses used in nanosecond technique approach in shape the triangular 
or trapezoidal pulses. Thus, the functions with which we are most concerned 
are U(t)=Up and U(t)=at. 

V, 
For a triangular pulse U(t)sat, a= = where U, is the maximum value 
t 
of the voltage; tp is the icngth of the leading edge S(t) 2a § h(t)dt. The 
f 0 
maximum value of the signal $73 h(t)dt. The relative error in the measure- 
0 


ment of the amplitude is equal to 


te ; 
i) Stree 11 —a(Q) de 
fe=£7 Palaces tie a Fee (6.2) 
me tU= (t= ty) + Us : 


6U will be positive if h(t) is a monotonic or weakly oscillatory function. 
For a trapezoidal pulse, with t pt, i 
U(t)zat - a(t - te) 


and 
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t 'e t 
Sin =a fbiydt—a J A(tydt = { rings (6.3) 


t—le 
If the pulse has an exponential form, thon U(t)=0)(1 ~ ere) 
t 
S(t)= U0 fa(ne**at. (6.4) 
. 0 = 


After determining the S(t) it is possible to evaluate the distortion (iengthen- 
ing) of the leading edge of the pulse. 


Application of Harmonic Analysis 


Every function may be expanded into a harmonic series 


U(t) =A, sin (wt —9,) + Agsin(20t —9,) +... + (6.h") 
+ A,sin(zet — 9,).. 


The signal at the output of a two-terminal pair network 
S(je)=A(w)F(je), (6.5) 


where A(@)) is a separate sinusoidal component; F(jw) is a capposite fumotien w 
called the transfer function and determined when the output of the two-terminal 
pair network is open. F(ja) consists of two factors: real and imaginary. The 
former indicates the “transfer” of the amplitude, ie, its change by the 
two-terminal pair network, the latter indicates the "transfer" ef ths phase, 
The expression for S(t) may be obtained after determining S(4jW) with respect 
ti: all compoments. However, as a rule the pulse voltages encountered in 
practice have a continucus harmonic spectrum, i.e. the number of harmonics 
approaches infinity, and the amplitudes of the harmonics become infinitely 
small. In doing so, the function U(t) and its spectrum pi jad are connected 
by two Fourier transforms: 


eUiai= J u(tye 7°! ge (6.5') 


and : ee 
U(t)= == { e(joye** de. (6.5") 


—o 


In this case the operations are carried out not with a single harmonic but 
with a uit band of the spectrum. The expressions for S(t) resulting when 
using the harmonic analysis 4» not lend themselves to analytical solution and, 
therefore, the use of graphic methods is necessary, i.e. chiefly the single- 
function method is used. However, the effect of the circuit on the leading 
edge of the pulse determining the harmonic component with the greatest fre- 


ee 


quency f,, 1s of interest. The connecticn between f,, and duration of the 
leading edge tr is determined ty; the relationship {5.1). A more complete 


coe of the analysis of distortions is given in the works /67, 12h, 
1257. 


If the transfer characteristic of the circuit h(t} has a monotonic 
charac ‘er, then the lengthening of the leading edge of the pulse at the out- 
put of tue circuit may be datormined by making use of the principle of quad-~ 
ratic summing of the leading edges /7h 


where try and te are the duration of ths leading edge of the pulse at the 


input and output of the circuit respectively; tor is the ducation of the 
leading edge at the output of the circult during the action of the single 
function upon its input. The value of t,¢ may be determined by ‘ormula (2.5). 


If n_ two-terminal pair networks are series-connected so that none 
of them affects the transfer of the pulse by the preceding two~tarminal pair 
network, then 


= 
oe | tot & Bi ,. (6.7) 


For the circuit shown in Figure 6.1 it may be considered that the impedance 
inserted at the output of the DN does not affect the tranemission of the 
pulse of the DN and impedance inserted at tne PYa does not affect the voltage 
at the output of the DN. The last is trve if there are no reflections in the 
cable. In this case the duration of the leading edge of the pulse at the PYa 


t= VE et Fig t Pigs Pay (6.8) 


where tr is the duration of the leading edge of the pulse on the 10; ty, is 


the duration of the leading .edge of the pulse appearing at the high-voltage 
lead-out of the DN and brought about by the impedance Z and by the lumped 
characteristics of the DN; tor is the duration of the leading edge of the 
pulse at the output of the DN; typ is the duration of the leading edge of the 
pulse on the PYa; ties tor and t3- are determined during the action of the 
single functiion on the input of the respective circuit. If necessary, the 
smoothing-out of the leading edge owing to the attenuation in the cable should 
be taken into account. 


Suppose tp exceeds tr, by k%. Then we find the following from the 
equation (6,8) 


VP That haa tay e+ (BY) ato a (6.9) 
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In the case when the leading edge of the pulse at the output of the circuit 
t 


ia expressed by the exponential (Usl-e ') the length of the leading edge of ths 


pulse defined by the points 0.1 and 0.9 is equal to 2.2T. In an oscillatory 
process an optimum case is considered that when the horn above the flat por- 
tion is equal to 4%. In this case the length of the leading edge defined 
0.3 1 
by the points 0.1 and 0.9 is equal to ~>~ where f,7 is the fre- 
to C onVic 

quency of the natural oscillations of the circuit. The left term is deter- 
mined vy the expression (6.9) and the maximm permissible values for ty, 


top and tp ard the respective valses cf T or fy may be specified. 


Pests 6022 Voltage Dividers for High-Voltage Pulses of Nanosecom Duration 


Many original and survey works 2; 67, 125-127/ have been devoted 
to the development of voltage dividers producing small distortions and to 
the analysis of errors caused by them. We will ondeavor to note the main 
features of the voltage dividers which may be used for the nanosecond range. 


Active DN (made up of resistances), capacitive DN, and also DN util- 
izing certain features of wave propagation in a cable are usaa to measure the 
high-voltage nanosecond pulses. Each voltage divider consists of a high- 
voltage arm which takes up the greater portion of the voliage U, of a high- 
voltage pulse, and a low-voltage erm from which the divided wltage Up is 
taken off for the measuring instriment. The ratio ke» = is called the 

2 
scaling factor and usually for the high-voltage voltage dividiers k>l. 
Therefore, the impedance of the lon=-voltage arm does not produce appreciable 
effect on the distribution of voltage on the DN, which had heen created by 
the high-voltage arm. The elements of the high-voltage arm may have a longi- 
tudinal capacitance, capacitance relative to the ground and self-inductance. 
These spurious parameters explain in the main the errors introducec by a 
voltage divider. 


In active DN the measurement errors are connected with the existence 
of self=inductance and capacitance relative to the ground C,. Upon the ac- 
tion of a pulse with a perpendicular leading edge and a flat top on the volt- 
age divider the voltage in the low-voltage arm is expressed by a composite 
relationship which in an aperiodic mode may be approximated by an exponential 
from the condition of the equality of the error, i.e. 


LBy=Uns U,=Uy 7 + (6.20) 


U,=—bul-e ). 


= 129 ~ 


where U, is the voltage in the low-voltage arms U, Js the voltage in the 


voltage divider. According to the data given in the work /T2h) tne time 
constant T may be expressed as follons 


Ly<_/ Pak, 4 2G. (6.11) 


where R is the resistance of the voltage divider. The value of T my be 
reduced by means of decreasing the L and Cz. With the specified values of 


L and Cg the optimum resistance of DN Ry=\ fom : 
z 


The capacitance C, is determined by the Gimensions of the voltage 
divider and by its distance from the ground. Thus, the capacitance of a 
vertical cylinder with a length | and radius r, the lower end of hich 
is removed to a distance "a" from the ground is defined in the following 
manner according to /126/: 


Bl 4a (6,12) 





(linear dimensions are given in centimeters). 


The length of the divider L is determined by tha voltage U, and 
by the permissible longitudinal gradient Eg which for the pulses of micro- 
second duration is equal to 3=5 kv/cm in the air and 15 kv/om in the trans~ 
former oil. For the pulses of nanosecond duration Eg may be considerably 
increased but as yet there are no respective data for Eg. 


Distortions caused by Cz may be decreased by using various methods 

of shielding the DN. With this aim, a shield usually in the form of a ring 
placed somewhat lower than the top of the DN is connected to the high-voltage 
end of the voltage divider. To avoid the appearance of oscillations brought 
about by the capacitance of the shield relative to the ground and by the in- 
ductance of the device the shield is comected with the high-voltage end of 
the DN through a resistance of appropriate value. In some of the DN placed 
in oj1 the high-voltage shield electrode made in the form of a solid of rev- 
olution covers a considerable portion of the DN. 


Ia voltage dividers described in the works fa, 1297 there were sev- 
eral (two or three) concentric columns with a resistance. “In this case the 
outer columns were a shield and improved the distribution of voltage over the 
inner column which was the divider proper. 


High-resistance alloys (constantan, nichrome, etc.) are usually used 
as the material of the voltage-divider resistance. Resistances made of aque- 
ous electrolytes having low self-inductance and high thermal capacity are not 
used owing to their instability with time and temperature dependence. High- 
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resistance alloys are used in the form of wire, buses or thin strips. Non- 
inductive winding is used to decrease the inductance of the resistance. Car- 
bon resistances are sometimes used. The existence of connecting wires be- 
tween the IO and DN may cause undesiratle oscillations brought about by the 
inductance of the comecting wires and by the capacitance of DN relative the 
grouné. This also applies to the capacitive DN. To damp the oscillations 

a resistance of appropriate value should be inserted before the voltage di~ 
vider. This leads to the amoothing-out of the leading edge of the pulse being 
investigated. Therefore, the comecting wires shculd be as short as possible. 


In the work /130/ is described an active voltage divider fer a 1,00-Kv 
installation, having a resistance of the high-voltage arm of1,000 ohms and are- 
sistance of the low-voltage arm of 1 ohm. The high-voltage arm is made up of 
ten identical elements of 100 ohms each. The length of the high-voltage arm 
is somewhat longer than 127 cm. Each element represented a polystyrene rod 
with a diameter of 1.27 cm and a length of 12.7 om on which two insulated 
strips measuring 0.81 x 0.02 mm were wound in opposite directions. The 
strips were made of an alloy of nickel, chrome, aluminum and iron having a 
high resistivity and a small temperature coefficient. The low-voltage arm 
consists of four sigzag-shaped locps made up of 1.6 x 0.025-mn strips of the 
same high-resistance alloy. During the investigation of the breakdown of a 
spherical discharger the leading edge of the pulse with the shortest duration 
before the breakdown of 27 nanoseconds and a rapid fall-off during the break- 
down was transmitted without distortion. 


In the work /T2k7 is described an active voltage divider for 2 » 10° 
volts; it has a center pipe with a height bx2 meters on which a high-resistance 
wire with a total resistance of 22.5 kilohms is wound. To improve the distri- 
bution of the voltage over the length of the DN, shielding was used consisting 
of two disks with a diameter D=0. and a height h=80 cm and four tori placed 
every O«e2 h over the length of the divider and aot connected with the resist- 
ances of the voltage divider. The atstribution of the field between the 
shielding electrodes, determined by meaus of an electrolytic bath approaches 
a uniform distribution. This contributes to the equalization of the field 
over the colum with the high-resistance wire. 


Upon sending a rectangular pulse to the input of the voltage divider an 
oscillatory voltage appeared at its output owing to the capacitance between the 
shielding electrodes and the inductance coupled with it. By adding a resist-~ 
ance in serics with the upper shield the oscillations were damped and the pulse 
at ths output of the voltage divider had a leading edge of 70 nanoseconds in 
length. It was possible to reduce the length of the leading edge to 30 nanc~ 
seconds by adding into the low-voltage arm a small inductance consisting of 
seve.al turns of copper wire. Taking into accowt the high rasistance of the 
voltage divider its characteristics sk2uld be considered good. Probably the 
phase error could have been reduced to a few nanoseconds by decreasing the 
resistance of such a divider /T2h7. 


If the pulse moves over a cable, then it is expedient to use a voltage 


S I9ke = 
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igure 6.2. Active voltage divider built-in into 
a cable (a); load resistance NS-l (>) and diagram 
of the connection of resistances in 1S-1 (c): 


1 — resistance of the low-voltage arm; 2 — resist:- 
ance of the high-voltage arm; 3 -= cable insulation; 
lh — conductor; 5 — sheathing; 6 — pulse; 7 —~ to 

the PYa; 8 — to the cables 9 — input; 10 ~- output. 


‘livider with a closed wiring, built-in into the cable. Dividers of this type 
are shom in Figure 6.2. In Figure 6.2a is shown an active voltage divider | 
designed by Fletcher /27/ for recording pulses with an amplitude of 20 kv. 
The high-voltage arm consists of three series~connected resistances of 330 
ohms each; the low-voltage arm consists of two parallel-connecte i resistances 
o 20 ohms each. The limiting factor is the capacitance of the righ-voltege 
arm relative to the ground. In this case, a pulse with a lengti: of the lead- 
ing edge of 5 nanoseconds was recorded with a 10=percent error. A certain 
limitation is also imposed by the heating of the resistance of the voltage 
divider owing to the dissipation of a portion of the pulse energy. A3 a re=- 
sult of this the value of the resistance decreases and the scaling factor 
changes. 


In Figure 6.2b *s shown the arrangement and diagram of connections of 
vne load resistance oi the type S~-1 which is at the same time also a DN for 
pulses with an amplitude on the order of kilovolts. Resistances of the type 
UNU which represent a thin layer of carbon applied on a coramic rod (see Par. 
5.3) are used as the resistances rj, ro and ry (ry279%58 ohms, r3"17 ohms). 
The dividsr is adapted for ccnnection to a cable with a wave impedance of 75 
ohns aa is enclosed in a shield the calculation of which is described in 
Pere 523. 


In capacitive voltage dividers the main factor causing the distortion 
is self~-inductance. Therefore, the length of the high-voltage arm of the di- 
vider should be short. Gapacitive dividers which are used or can be used for 
measuring the high-vcltege nanosecond pulses are shorn in Figure 6.3. 


For a voltage divider shown in Figure 6.3a the high-voltage arm is 
formed by the high-voltage electrode and receiving electroda connected to 
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Figure 6.3. Capacitive voltage dividers: 
(a} — high-voltage electrode; 2 — re-~- 
ceiving electrode; 3 — shields; 4 — VN- 
shigh voltage; 5 -- Fia=plate of the event; 
C — capacitance for adjusting the scaling 
factor; (b) 1 — partition insulator; 2 — 
capacitive ring; K — cable; (c) 1 — high- 
voltage source; 2 — receiving electrode; 

3 — shield; (d) 1 -- wire and PYa; 2 — 
cable insulation; 3 -~ conductor;  — sheath- 
ing. 


one plate of the event, and the low-voltage arm is formed by the capacitance 
of the plate of the event. The scaling factor can be controlled by connect~ 
ing to the plate of the event additional capacitances. Capacitors with air 
or mica insulation in which the dielectric constant at the pulsed and con- 
stant voltage is the same ov nearly the same may be used as the additional 
capacitances. It is necessary that the high-voltage electrode and the re~ 
ceiving electrode have no corona discharge. 


A capacitive voltage divider may be placed on the insulation lead-out 
of the object being tested, as shom in Figure 6.3b. The high-voltage arm is 
formed by the capacitance of the red inside the insulator and by an additional 
ring placed on the outer surface of the insulatov; Co is the capacitance con- 
nected additionally. It is impossible to place the PYa close to such a divider. 
Therefore, a coupling cable is necessary. 


« 453. 8 





The voltage in the Low-voltage arm 
t 
U,= U.: of TA (6.33) 
"G4+G . : , 
where T=Z2(C] +Co). If a permissible crop of kf on the flat portion of 
the pulse is assumed, then the necessary value of Co with the condition that 


sas <1 is definei 2s follows! 





C,= me Cy i065 (6.14) 


If the source of high voltage and IO are in the same tank (for example, 
the high-voltage source and the accelerating tube), then a voltage divider 
shown in Figure 6,3c may be used. In order that the receiving electrode do 
not disturb the uniformity of the field, it should not be moved out far from 
the metal wall of the tank. The scaling factor can be regulated both by the 
value of Cy and by the size of the receiving electrode. 


In Figure 6.3d is shown a capacitive voltage divider fitced on a cable 
[27], for recording pulses of 20 ky. The conductor touching the cable insula- 
Lion and rumning to the PYa of the microoscillograph formed with the cable 
conductor a capacitance of 0.01 picofarad. The capacitance of the PYa is 1 
oicofarad so that k=100. The voltage divider had a frequency of natural 
o:cillations of 3,800 Mc and recorded a pulse with a length of the leading 


edge tp = = 0.8 nanosecond. The voltage divider described in the work 
0 
[3317 4s based on this. principle. 


In Figure 6.4 are shown voltage dividers for recording 20-kv pulses. 

These voltage dividers make use of the characteristics of wave propagation 
in a line 27/. 

to the PYa 





Figure 6.4. Diagrams of an active cable (a) 
and a cable (b) voltage divider: 


1 -= sheathing; 2 «— insulation cylinder with 
a layer of metal; 3 —- ungrounded cable sheath- 
ing; 4 == conductor; 5 =- cable insulation; 

6 = tube made of Ti,0. 


In Figure 6,4a is shown a diagram of a voltage divider of an active 
cable type /ei). On the cable section occupied by the DN and further bayond 
it following the course of the pulse motion the outer sheathing of the cable 


= ih = 











was not growed but was connected to the g. ound through a resistance of 

0.5 ohm. With a wave impedance of the cable of 50 ohms the scaling factor 
of the divider is equal to 100. The resistance of 0.5 ohm consisted of a 
thin layer of gold-platinum alloy applied on the outer surface of ~ glass 
cylinder with a length of 1 om and a diametor of 1 cm. An oscillogram 
obtained with the aid of this divider had a horn on the top with a follow- 
ing nearly linear droop. The resistance of the low-voltage arm proved to 

be unstable owing to an overheating with the flowing current. As a result 
of this, the resistance first decreased owing to a redistribution of the 
atoms and then increased owing to the evaporation of the metal. This was 
observed by an increase in the transparency of the layer. When the thick- 
ness of the layer and its length were increased twofold to increase the 
thermal stability of this resistance, then the oscillogram showed an increase 
in the width of the horn. This confirmed the supposition that the hern on 
the top of the pulse was caused by the inductance of the resistance of the 
low-voltage arm. This inductance limited the shortest length of the leading 
edge of the pulse being recorded to 25 nanosecond with an error of 10 percent. 
As the author of /277 points out, the measurement error can be considerably 
reduced if a semiconiuctor of very small length is used as the resistance 

of the low-voltage arm. 


In Figure 6.b is shom a diagram of a voltage divider consisting of 
two coaxial lines /277, The inner line represented a usual cable with poly- 
ethylene insulation and wave impedance of 50 ohms; the outer line represented 
a tube made of rutile with silver electrodes on the outer and inner surface, 
with a wave impedance of 0.5 ohm. Transients distorting the pulse take place 
in such a system when the insulation of the lines has considerably differing disle:- 
tric constants. However, when a cable running to the PYa and to the outer line 
near its beginning was used the error should not exceed 10 percent when re- 
cording a pulse being investigated having a length of the leading edge of 


+» 10729 seo. 


When using a DN it is necessary tc know the range of the frequencies 
or of the steepness of the leading edges within which it can function with 
a small error. This is achieved by testing the DN with a pulse having a 
very steep leading edge or a high-frequency voltage. 


In the work /T2h/ it is pointed out that to test the divider a pulse 
generator was used which generated pulses with an amplitude of 150 volts, a 
duration of 0.5 micrsecond and a length of the leading edge of 1 nanosecond. 
An amplifier from the output of which the voltage was sent to an electronic 
oscillograth was connected to the output of the divider. An amplifier with 
a wide frequency passband is necessary for such tests. A comparison of the 
shapes of the pulses sent to the divider and taken off from the output of 
the amplifier made it possible to determine the error introducei by the di- 
vider. 


In testing with a high-frequency voltage a wide-band amplifier with 
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a measuring device at the output fay was also connected to the output of 
tha divider. The scaling factor was measured at different frequencies of 
the acting voltage; usually in a certain frequency range the value of k 
remains constant and then increases with the increase of f. The comection 
between the upper permissible frequency f, and the shortest duration of the 


leading edge tp was determined by the expression (5.1). 


Par. 6.3. Basic Characteristics of Electronic Oscillograrh 


The development and perfecting of electronic oscillography contributed 
to the successful development of many branches of soience and engiesring and, 
in particular, the nanosecond technique. 


Some of the features of oscillographic recording chiefly of the single 
pulses of nanosecond duration will be briefly examined in this chapter. This 
protlem is set forth in detail in the books and survey articles ind 2, 22, 
35, 127, 1327. 


Oscillogrvaphs with a cold cathode gained wide use in the 1930's and in 
the 1940's and later — oscillographs with a hot or heated cathode. These 
oscillographs wers rapidly perfected and gained the widest use. Owing to 
‘hoir dimensions and complexity of handling oscillographs with a cold cathode 
are used comparatively seldom. 


Oscillograph consists of two basic elements: electron-beam tube and 
alectric circuit. Heated cathode emitting the electrons is surrounded by a 
cylinder called modulator and has a narrow opening for the passage of the 
electron bewm, Next, the electrons reach a strong electric fiald created by 
the voltage applied between the cathode and grounded anode and equal to 10 kv 
and more, After acceleration, with account taken of the relativistic effect 
the velocity of electron 


2eU RT ee aS Ve 
v,=y/ V\ V+ mig tee (6.15) 


The calculated data are given in Table 6.1. 





Table 6.1 
iva param eas ies | 
Glee Jo] sj || o | @ |» 
fe sn ee Ole ps | ' . | 
es, beafer | 0,587) 0.78 | 0, 8221 0,016 1,002 1,189 1,278 





cet 
ws | 0.199 0,25 0,214 0a 0.34 039 0,426 











In an electron-beam tube with electrostatic focusing the accelerating 
system is combined with the focusing system, i.e. after acceleration the 
alectron beam is focused while with magnetic focusing (microoscillegraphs, 
ete.) the electron beam is focused by a magnetic lens after acceleration. 
Next, the electrons of tha beam pays succassively between the pletes of the 
event PYa and the time plates PV and undergo appropriate deflection in the 
transverse vertical and horizontal directions. 


For the plane and parallel deflecting plates, electron velocity in 
the transverse direction acquired at the outlet from the transverse field 
of the plates is defined as follows: 


= 2 f+%. ; 
Lan ps p70, 7 n= f thar (6.16) 
t 


where U, is voltage applied to the defiecting plates; d is distance tetreen 


the plates; &, is electron transit time in the field of deflecting plates, 
called transit factor. 


L 
Tree 


where lal, + (Oc to 0.5); l, is the length of the deflecting plates. 


An increase of l in comparison with bo takes into account that electric 
field of the deflcciing plates extends beyond their boundaries. 


For a deflecting voltage changing insignificantly in the time %, 
we find 


v. ny Sa Ua 

7 md Us : (6.17) 
If the distance from the deflecting plates to the screen Ll, the 

deflection of the beam on the screen of the tube is equal to 


= 2) obs Oe. 6.18 
he (6.18) 
The quantity 
©. 1 ME 
hs me (6.19) 


is called sensitivity of the deflecting plates and is determined by the geom- 
etry of the electron-beam tube and by the accelerating voltage U. 


Often sensitivity is defined not in nits of length but by the number 
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of diameters of the spot on the oscillograph screen by which the beam de- 
flected upon the application of a voltage equal to one volt to tha deflect- 
ing plates. 


The second definition of the sensitivity is more essential than tie 
first. To obtain a sharp oscillogram it is necessary that its linear dinen~ 
sions exceed the diameter of the spot at least by ona order. The absoluie 
dimensions of oscillogram are not important inaamuch as an oscillogram can 
be magnified by optical means to the dimensions sequired. 


After passing the deflecting plates the electrons impinge on the 
ljuminascent screen and bring about its luminescence. The brilliance of 
the luminescence J of the luminophore is determined by the density of 
the current in the electron beam and by the energy of the electrons, i.e. 
by the accelerating voltage, 


Lu=8 7 J=ASij(u— UP. (6.20) 


where n=l to 33 f(j) is a function approaching a linear function; A -- sens omstart; 
U, ~ initial potential amounting to several tens of volts. The image on 

the sereen must be a contrast image. The contrast of an image may be reduced 

by the external light reaching thu screen, owing to the phenomenon of con~ 

plete internal reflection in the glass of the screen and owing to a bombard- 

ment of the screen by the secondary-emission electrons from the electrodes 

of the deflecting systems. 


An important characteristic of oscillograph is the maximum recording 
speed v,, at which the image on the photolayer still comes out sharp. In 
this process the photographic density of the blackening defined as the log- 
arithm of the ratio luminous flux passing through the layer of photographic 
emulsion before the development to the luminous flux passing through the 
blackened layer after develonment must be at least 0.1. 


The value of v,, Should be determined under the following conditions: 
magnification of the image M=1, the aperture ratio of the objective 1:F=1, 
photographic film -- highly sensitive; the . developer -~ sharp-contrast 
developer. Usually M<l and l:F <1. The valve of the maximum recording 
speed v', is determined in this process. Scaling.is . accomplished 


by using the following formula 


0 =U, Ee (6.21) 


where v, is meusured in cm/sec or diameter of the spot/sec. ‘he last is 
more essential and characterizes the oscillograph as a whole. An increase 
of v, may be easily obtained by means of increasing the accelerating volt- 
ages. However, in doing sc, the deflection sensitivity decreases as may be 
seen from the expression (6.18). This is of no material significance for 
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measuring the high-voltage pulses. A decrease in sensitivity is undesirable 
‘then recording weak signals. Therefore, electron-beam iubes with post-accel- 
eration are used in which the electrons of the beam undergo additional accel- 
eration after passing the deflecting plates. 


With the use of pulsed power supply in the 1310-25 tube designed 
chiefly for the microsecond range it was possible to achieve e recording 


speed of 3.) « 191° cm/sec=13c where c is the velocity of light, with 
lrFel 52 £e7 - Oscillations with a frequency f=9,500 Mc were recorded with 
a tube designed for the investigetion of short-curation processes. In doing 


so, maximum recording speed was 6.6 ° 1010 em/sec=2, 2c with 1:F=1:1. 


Microoscillographs make it possibla te record short-duration processes 
at a comparatively low linear recording speed which is achieved owing tc a 
small transverse dimension of the electron beam. Therefore, considerable 
linear movements of the beam on the screen are not necessary to obtain a 
sharp oscillogram. Microoscillogra rhs have 2a hot tungsten cathode. ‘the accel- 
erating voltags reaches 30-60 kv. The small transverse dimension of the elec- 
tron. baam.is.obtainad .ty means of patterning it with diaphragms having small 
gertures and by means of focusing with magnetic lenses made and installed 
with high precision. In the Ardenne & microoscillograph the transverse 
dimension of the electron beam is eq 2 microns. The focusing of the 
beam is done under a microscope. To record an event the photographic plate 
is placed inside the oscillograph where a vacum of 10 to 10-5 mm of mercury 
colum must be created. ‘he tube of the microc§cillograph requires continous 
exhaustion. Not more than 10-15 minutes are required to replace a photographic 
plate and create vacmwm in modern microoscillographs. As many as 100 oscillo- 
grams are accomdeted on one photographic plate placed in microscillograph. 
In processing the oscillograms by optics1 means their dimensions are magnified 
by 50-100 times. Oscillations with a frequency f=9,500 Mc and good sharpness 
of the image have been recorded by means of microoscillograph. Microosillo- 
graphs are also used for the investigation of processes of longer duration. 
By magnifying the separate sections of oscillograms it is possible to trace 
the details of a process which were imperceptible on a conventional electron- 
beam tube. 


Memory" electron-beam tubes based on the property of dielectrics to 
retain electrics charge fer a long period have been of late in the process of 
development. The main olement of such tubes "with memory" is a luminescent 
screens; a "memory" target placed inside the tube in front of the screen and 
consisting of a grid on which pits of a hard dielectric are fastened in the 
form of a mosaic; and two systems for forming thse electron beams: a record- 
ing system and a scanning system. The recording system consists of the ele- 
ments of a conventional electron-beam tube (accelerating focusing ani beim 
deflecting elements). The beam of the recording system describes on “he 
"nemory" target a curve corresponding to the event being investigated. As 
a result of considerable secondary electron emission the sections of the 
mosaic where the recording beam had passed ars positively charged. The elec- 
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tron beam of the scanning system travels over the entire "memory" target but 
passes through it chiefly where the elements of the mosaic have a positive 
charge. Thus, a stationary image of a single process is obtained on the 
screen. This image can be reproduced after several hours or days. The min- 
imum duration of the process which a tube with “memory” cen rapreduce depends 
on the current density of the beam of the recording system and on the sec- 
ondarv emission ratio of the elements of the mosaic. At the present time 
there are electron-beam tubes with "menory" having a speed of up +o 10 cm 
per microsecond £367 ‘ 


Par. 6.4. Effect of Transit Factor on the Reproduction of Quickly Passing 


ocesses 


The electron transit time Tv in the field of deflecting plates is 


equal to 10-9—10729 sec for the usual high-voeltage osciliograph and may in- 
troduce an error when recording quickly passing processes. The effect of ® 


on the measurement error may be determined by using the integral (6.16). 


For parallel plane deflecting plates when recording a sinusoidal volt~ 
ize having an angular frequency < the sensitivity of deflecting plates 
decreases in accordance with the following Law: 

sia —* 


a ashi, (6.22) 





hk’, =h, 
2 
where h) is sensitivity without the effect of Ts the function S=f(o) 
is a damped sinusoidal function. The fall-off of the amplitude of the sinus- 
oid by 2 percent (6=0.98) takes place when the frequency f= se ; 
The distortion of a short pulse will be the greater the hizher the 
upper limit of the frequencies  , usually determined by the leading edge 


of the nulse. The diatortions. of a rectangular.end triangular pulse. nay be 
determined from the expression (6.16). The former is recorded as a pulse 
with obsique-angled leading edge having a duration Tp: 





In a triangular pulse the initial and the end portion =~ each with a 
duration v, <-- are distorted, the duration of the leading edge increases, 
the amplitute decreases and a tail appears, The center porticn of the leading 
edge of the pulses with a duration (tp ~%,) is transmitted without distortion. 


The deflecting plates are bent away at the ends to increase the deflec- 
tion sensitivity. Therefore, it is of interest to determine. the effect of tT 


in the case of nonparallel diverging plates. This question was examined 
theoretically in the work (377. 





The author of /1377 considers that electric field between the plates 
remains uniform but decreases along the length of the plate 


E,e,/ ae (6.23) 
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‘where d@) and dy are the minimum and maximum distances between the plates 
respectively. 


For the sake of simplicity we will operate with the quantity v. 


y 
inasmuch as deviaticn on the screen h3v,. 


Substituting the equality (6.23) into the expression (6.16) we will 


find 
Updt 


£3,207 S=-5 rea ee, (6.24) 


d, + (d,— d,) 7 





where to is the time before the entrance of electron tito the field of 
deflecting plates. 
Inasmuch as 4 me To» vhen 
‘7 F Sel d 
4%. 
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t 
We will examine the effect of the transit factor for pulses with a perpen- 


dicular leading edge and with a linearly rising leading edge and with a 
flat top. For a rectangular pulse U,50 for t+€0 and U,=Up for +20. 


p Pp 
If 4, >to >0, then P 
; I tq lo — 
SS SS 
~ =a -(S 95] oe 
If t 20 » then vy reachas a steady-state value 
Veg SV pete hg cote ty (6.27) 
Lye ys_/ tye = a U, 7. In . 
For a pulse with 4 linearly rising leading edge having a duration tr 
we have: 
with t=0 U,705 
Uo 
with O<t<tep Up* 8 


Alas 
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and with tote Up* te - te (t = tp) =U. 


With T, <ty<0 
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In Figure 6.5 are shown the beam deflections on the screen calculated 
in the work /1377 for some of the values of tp and do/dj. The following 


may be found from Figure 6.5: 


1) error increases with an increase of do/dy3 

2) the effect of the value of dp/d, decreases with an increase of tp; 

3) increase of the length of the le«ding edge T does not depend 

on do/ dj. 

For plates with the edges bent outward and having a parallel and a 
divergent secticn the effect t, will be an intermediate effect. between 
tne effect prochuced by im on the paraliel and divergent plates, and it 
will alsc depend on ,/ b, where Ls and b, are the lengths of the parallel 
and divergent section respectively. 

The value of tT, may be decreased by reducing the length of the de~ 
flecting plates, and a deflecting system in the form of two small parallel 


wires results at the limit. Rudenberg £1387 caiculated the sensitivity of 
such a deflecting system. 


mee i | (6.31) 
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The angle of deflection of the electron beam 
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where r is the radius of the small wire and d is the distance betwean 
the wires. 


Thus, with r=3 mm, d=Gm, L=250 mm and U=20 kv the value of ho=0.015 
mm/volt, and wave impedance z=160 ohms. This type of deflecting system is 
completely acceptable when recording high-voltage events. But such a de- 


flecting aystem is useless for recording weak signals becavse of the low 
value of ho. 
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Figure 6.5. Time dependence of deflection on 
the screen y3; try — duration of the leading 


edge of the acting pulser a — t,=03 te/%p=0.55 
cm te/tp=13 d — tp/t=2. 


A deflecting system with traveling wave was created to obtain high 


sensitivity of the deflecting systen Mikb a small vahe aft, The value of ty 
for a deflecting system made up cf coaxial cylinders is small. Such a sys- 


tem is easily matched with the cable over which the event is transmitted. 
Inasmuch as electric field in such a system is a diverging field, the sen- 
sitivity decreases with the withdrawal of the opening in outer cylinder — 
through which the electron beam passes — from the inner cylinder. 


The duration of the time scanning is several times longer than the 


eke = 





duration of the event being investigated and considerably exceeds the Tp: 


Therefore, the usual plane defiecting plates with the edges bent outward 
are used as the time plates. 


For the puricdically repeating pulses the effect of may be 


eliminated by stroboscopic methods of recording. The use of microwave ‘ 
seniconductor triodes and tunnel diodes made it possible to create a strobo~ 
scops for recording periodic nanosecond pulses 1397. The pulses being in- 
vestigated were sent to a gallium-arsenous -rys which became a conduct- 
ing crystal upon the action on it by another pulae whose_duration was much less 
than the duration of the pulse being invectigated. The frequency of the 
trigger pulses is somewhat lower than the frequency of the plates being 
investigated. ThereZora, the events transmit by turn different porticns of 
the pulse being investigated. The scanning rate is determined by the dif- 
ference in the repetiticn rate of the pulses being investigated and the 
trigger pulses and is low. The stroboscope being described made it possible 
to record pulses with the shortest rise time of 0.2 nanosecond determined 

by the duration of the trigger pulse. 


Gaddy /107 described a mettod of measuring the parameters of nano~ 
second pulses of trapezoidal shape with a high repetition rate without the 
use of gating pulses. A superposition of the invident and reflected pulse 
takes place with the aid cf a short-circuited cable section. The resultant 
veltage is definad by the tima shift of both pulses, set by the length of 
the cable section. An RC circuit is comected to the place of superposition 
of the pulses. The voltage across the capacitor may be measured with a 
direct-current instrument. The following pulse parameters are determined 
from the curve of voltage variation cn the capacitor according to the time 
shift of the pulses: the length of the leading edge, the duration of the 
flat portion, the duration of the voltage fall-off. Time resolution is 


equal to 19719 sec. 


Par. 6.5. Errors Introduced by 4 and C Parameters of the Tube Plates 


Deflecting plates have capacitance C and self=inductance L which 





bring about oscillations with a natural frequency fo= : - Usually it 
250 
is considered Ps 2/ that a resistance the value of which is defined as R= 


L 
“Vek has to be inaertedin the“tireuit of one of the deflecting plates 
te damp the oscillations. 

However, A. I. Sokolik faa7 showed that such a simplified approach 


does not bring to light the optimal conditions for connecting the cable, and 
proved experimentally that the form of an image on the screen of the tube 
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Figure 6.6 Diagram of connection of the 
cable to the event plates of oscillographic 
tube (a) and diagram of the substitution 
network of the recording system (b). 


1 -=- Rp2load resistance. 


depends on where the damping resistance is inserted: in the circuit of the 
plate to which voltage is supplied and which the author calls "active", or 
in the circuit of grounded plate (Figure 6.6a). A. I. Sokolik suggerted a 
substitution network for the deflecting system, shown in Figure 6.6b. In 
this network R,, Ly and Cj are parameters pertaining to the "active" plate, 
and Ro, Lo and Co — to the grounded plate; Co is capacitance between the 
plates; Cy is capacitance between the inputs; Cy and Cy — capacitance of 
the plates relative to the grounded anode; L, and R, ~- inductance and re- 
sistance of the circuit comecting the anode with the "ground" contact. 

‘A. I. Sokolik made up a model according to the diagram in Figure 6.5b with 
an increase of parameters by 1,000 times as against the actual parameters. 
By selecting the Ry, and R5 parameters of the model it was possible to ob- 
tain the same shapes of the pulses as in the tube (13L0-5A) being tested. 
This indicates the soundness of the network (see Figure 6.6b). Investiga~ 
tions on the model showed that In and R, bring about the distortions to a 
greater degree than Ly and Ry. Therefore, first of all it is necessary to 


decrease In, perhaps even by means of a certain increase of Ij. In doing 
so, it may tun out that cable resistance is sufficient for an active plate. 
As a rule, a damping resistance is necessary for a grounded plate. The 
small value of Cy (of the order of picofarads) contributes to the smoothing 
of oscillations which follow the leading edge of the pulse but a further 
increase of Cy brings about the appearance of undesirable spike on the 

flat portion. 


Investigations carried out made it possible to select optimum conii- 
tions for cormecting PYa /plate of the event/ of the tube 1310-5A. In doing 
S80, a pulse with a steep leading edge of 1.l=nanosec duration was recorded. 
In recording on a tube with a deflecting system in the form of a traveling 
wave with £925,000 Mc this same pulse had a duration of the leading edge of 
0.8 nanosecond. 


athe 








The frequency of natural oscillations of a deflecting system in the 
form of two plates brought out to the lateral surface of the tube is equal 
to 250-600 Mc. For deflecting systems in the form of a two-wire coaxial 
line or of the traveling-wave type it reaches up to 10,000 Mc. 


G. A. Mesyats /107 carried out the calculation of the distortion 
of the leading edge of a pulse, described by the equation U=Up(1 - e~ *) 
and sent to the PYa /plate of the event/ through capacitive voltage 
divider (see Figure 6.3d). If the frequency of natural oscilletions of the 
DN fvoltage divider] exceeds the f) for PYa, then the frequency of the 


DN-PYa system will exceed the fg. According to data cited in the work /1)27 
the shortest duration of the leading edge trp which will be recorded with 
an error of not more than 19 percent is defined as 


Regt ty 7 to = ee (6.33) 
kL —V1-=16 (0,056 —0,01)) 


22 2. 
where k is the scaling factor of the voltage divider; eh to. 


C is capacitance of PYa3; Z — aave impedance of the cable over which the 
pilse is fed to the divider; k, =- the ratio of the inductance of the 


‘ ‘ltage divider-plate of the event (DN-PYa) system to the inductance of 
PYa. : 


It is necessary to watch the correctness of matching the cable at 
the place of its connection to the event plates. A resistance equal to 
the wave impedance of the cable and inserted between the conductor and sheath~ 
ing of the cable is ordinarily used for this purpose. Wave impedance of 
the cable is a function cf frequency with a change in which the resistance 
and inductance of the cable change owing to the appearance of the surface 
effect and conductance of the cable insulation changes owing to 93, change 
in dielectric losses. According to the data in the work /137, for cables 
with polyethylene insulation and wave impedance of 50 obms the actual value 


of the latter at a frequency f €100 ke is equal to 55 ohms, with £710?~-107 


it varies from 55 to 50 ohms and with f>210/ it remains equal to 50 ohms. 
Tnerefcre, if a resistance of a certain value is connected to the cable, 
then complete matching is possible on’; with a certain frequency. The 
largest error ir measuring the amplitude is equal to five percent. Re- 
quirements demanded in regard to the matching resistance are indicated in 
Par. 5.3. Difficulties in matching increase with a decrease in the dura~ 
tion of the pulse being investigated. Therefore, in recording short pulses, 
instead of a matching resistance at the event plates it is more expedient 
to connect « length of cable of the sams type as the coupling cable. If 
the double time of the pulse motion over the cable section exceeds the dura- 
tion of the pulse, then no especially exact matching of the cable section 
at the end is necessary. 
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Par. 6.6. Circuitry of High-Voltage Oscillographs 


High-voltage cscilograph consists ef the follcning units: power-sup- 
pay unit, time-base unit, beam-inrensifier unit and external~pulse-conversion 
unit. Before the arriva: of the trigger pulse the olectron beam is absent 
owing to a higher negative potential on the modulator than on the cathode. 
The trieger puise acts on the external-pulse-conversion wit which generates 
a positive-polarity pulse and ignites ths beam~intensifier and time-base 
units. Tie beam-intensifier mit generates a rectangular pulse of positive 
polarity and a certain duration, which by acting on the modulator reduces 
its negative potential. Owing to this, an electron beam appears. The time- 
base unit generates voltage varying in time and necessary for the time base. 


Some of the features of the circuitry of high-voltage oscillographs 
brought recently te light will be examined in this paragraph. A detailed 
description of the circuitry of high-voltage oscillographs may be found in 
the works /I, 2, 22, 35, 1277. Continuous end pulsed voltage is used to 
supply the electron-beam tubes. Continuous voltage of 106-25 kv for the 
sealed tubes and that of 30-60 kv for a microosciliograph is received fran 
the rectifier system. Voltage doubling, tripling and quadrupling circuits 
are used to reduce the dimensions of the lest one. ‘the distribution of 
potentials over the electrodes of electron~bean tube is done with the aid 
of an active voltage divider whose value Rg=(0.5 -1)U megohms, where U 
is accelerating voltage expressed in kilovolts. Usually pi-shaped filters 
are employed to decrease pulsation of the supply voltage. Separate parts 
of the divider may be shunted by capacitances to improve the voltage stabil- 
ity on this section. 


The pulsed method of supplying power for electron-beam tubes was 
suggested and proven by I. S. Stekol'nikov /357. With a continuous power 
supply the highest voltage determining the maximum recording rate is limn- 
ited by discharges within the deflecting system. When supplying the elec- 
tron-beam tubes with voltage pulses of the order of microseconds they can 
withstand a voltage which considerably exceeds the permissible continuous 
voltage. In his experiments I. S. Stekol'nikov applied pulses with an ampli- 
tude of 8-27 kv to electron-beam tubes with a rated voltage of 2-3 kv and 


obtained record-breaking recording speeds: 150 to 200 x 10? kilometers/sec. 
Modern sealed-off high-voltage electron-beam tubes withstand pulsed over- 
voltages exceading by 1.5-2 times the permissible continuous voltage. 


Capacitance discharge onto an active voltage divider is sometimes 
used for pulsed supply of the tubes. The value of this capacitance is de- 
termined from the following condition 


fF yztys RyRy 7 C= 1K (6.3h) 


RR” 


Where t, is ths length of the pulse; k is permissible voltage drop at the 
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end of the pulse expressed in percent. However, in this case the dimen- 
sions of the capacitor and step-up device turn out to be large. I. 8S. 
Stekol'nikov, 4. Ya Inkov and A. M. Chernushenko /133/ used as a pulsed- 
supply source a pulse transformer «ith a modulator using a stepped-dowm 
voltage. ‘he secondary winding of the pulse transformer consisted of two 
branches. This made it possible to heat the cathode with a transformer 
having a low-voltage insulation. However a pulse of accelerating voltage 
With an amplitude of 35-40 kv had a fiat portion small in duration. This 
made synchronization with the time base difficult. 


G. Ae Yorob' yov /Thh7 used as a pulsed-supply source a GIN /Voltage- 
puise generator/ employing Arkad'yev-Marks circuit arrangement. A pulse 
of accelerating voltage with an amplitude of 30-40 kv had a flat portion 
considerable in duration, and the power-supply unit has gmall dimensions. 


A partial discharge of capacitance through a high=power electron 
tube may also be used for the same purpose. A. M. Chernushenko used this 
ia creating a high-speed oscillograph. 


One of the main requirements in regard to the extermnal-pulse-conver~ 
sion unit is the short operating time of this wit. Thyratron circuits 
operate in 100 nanosaconds or more. For this, the pulse being investigated 
is delayed by meange of inserting a cable with a length of 15-2 meters which 
may bringdbout a smoothing of the leading edge and attenuat’on of the pulse 
being investigated. Tubes with a secondary electron emission have a much 
shorter operating tine. 


N. Ae Uvarov £87 used a vacuum tetrode with a secondary electron 
emission; its operating time is about 20 nanoseconds and does not depend 
on the duration of the trigger pulse in a range of 10~300 nanoseconds with 
an amplitude of 10 volts. 


According to Martin's data /T7/ the operating time of a tube with 
secondary emission cecreases with an increase of the trigger=pulse amplitude 
and with a value of the latter of 12 volts the operating time is equal to 
about 5 nanoseconds. 


Two comutators are ised in tne usual beam=intensifier circuit. Upon 
the operation of tha first commtutor the capacitance discharges onto a 
resistance on which a long-duraticn pulse is separated. Upon the operation 
of the second commutator the duration js limited. The minimal duration of 
the intensifier pulse in this process is determined by the operating time 
of the second commutator. If however the duration of the intensifier pulse 
nevertheless exceeds the duration of the time base, then the triggering of 
the latter is delayed so that the time basa.would coincide in time with.the end 
of the intensifier pulse. In doing so, it is possible to avoid the gating 
of the screen from the flyback of tha beam. 


A short intensifier pulse may be obtained if the resistance onto which 


ese 


the capacivance discharges through the first commutator is shunted by a 
short-circuited section of cable. In doing so, the pulse duration will 
be equal to the double electrical length of the cable section. The trig- 
gering time of the beam intensification generator way be. saert if a tube 
with secondary emission is used as the commutator. JIdnear scanning, i.e. 
the event being investigated is scanned in rectangvlar coordinates, is 
usuaily employed in high-speed oscillographs. In this process the wltage 
on the time plates PV should change monotonically, without fluctuations. 
Most desirable of all is a wiform time base when the voltage on the PV 
changes linearly in time. The degree of nonlinearity of the scanning 
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4 
where aU and av are the maximum and minimum value of the deriv- 
ative on the time base section. 


It is simplest of all to obtain a time-base pulse with a discharge 
of capacitance onto the resistance through a discharger or thyratron. It 


t 
is described by the expression U=U,e Ht, 


In the time from 0 to t=0.2 RC the value of § amounts to 20 percent 
but only about 20 percent of the discharge voltage are used in this precess. 
The necessary voltage for the time base may be obtained by amplification. 
The linearity of the time base may be considerably improved by inserting 
appropriate inductance parallel to the resistance. Other networks are also 
used to obtain more linear time bases. One of such networks is show in 
Figure 6.7a. The trigger pulse is amplified by the transformer and brings 
about the operation of the thyratron. In doing so, the line and capacitance 
connected to the anode discharge through the thyratron. A rectangular volt- 
age pulse is separated on the resistance, a portion of which is supplied for 
the intensification of the beam of the tube. Capacitance connected to % 
discharges through the line. The paraphase voltage appearing on the con- 
nected capacitances js utilized for the time base. The smailest nonlinearity 


is when —g-#0.7 to 0.8. The L, Rand C parameters were determined in the 
R“C 


calculation; the smallest nonlinearity was achieved in the process of tuning 

by a slight varying of Rand L. The network under consideration made it possible 
4ecbtain tam sca pring rates: 130 ‘om/microsecond and 00 cm/microsecond. In the 
former case R=R =250 ohms, C,=C1'=506 picofarads ‘and In=In'=12.5 millihenries; 


in the latter case Co=C5' =200 picofarads, Lobo, 23.2 millihenries. The oper~ 
ating instability of this network ‘oes not exceed 2 - 10711 sec. 


Networks with the discharging au charging of capacitances through the 


m tHh\9-3. 











Figure 6.7. Ldinear-scanning networks (a, b) and 
diagram of synchronization of event and time base 
with the aid of a cable and capacitive dividers (c). 


Key: (1) Microfarads (4) DN=voltage divider 
(2) Picofarads (5} Be=slectron-beam oscillograph 
(3) To the PV /time plate/ 


vacuum tubes (tetrodes and pentodes) are often used, The voltage on ihe 


capacitance changes linearly if the charging or discharge current I, gz = 


econst. The constancy of the current passing through a tetrode or pentode 
can be achieved if the voltage between the control grid and the cathode 
remains constant. Therefore, the scanning network using vacuum tubes in- 
cludes a rectangular-pulse generator and the time~base generator proper. 


The scamiing rate is determined and controlled by the a of the 


discharging capacitance. The scanning time is defined as t,=> as where 
a 
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Ug is the voltage on the capacitance before the discharge, and I, 18 the 
anode current of the tube. The shortest scanning time results when a 
wiring capacitance equal to 20 piccfarads is inserted as the discharging 
capacitance. Thus, the shortest duration of scanning is determined by the 
maximum discharge current I, of the tube. ‘he tetrode 6P3 provides a cur- 


rent of 1.66 amp, and the pentode GU-50 — a current of 10 amp. 


In Figure 6.7b is shown a simplified circuit diagram of the time 
base of oscillograph described by Martin /1\7/. The trigger pulse of the 
necessary duration is shaped by means of a tube with secondary electron 
emission and is sent through the pulse transformer and capacitance C, to 


the control grid of the tetrode. The latter is triggered and the variable 
capacitance Cry (7-45 picofarads) discharzes onto Ro and capacitance of the 
cathode in relation to the grcund. The voltage varying on Cc is used for 
the time base. 


It was found from experiments that the fastest scanning of 1 nsec/ca 
results with a zero potential difference between the control grid and the 
cathode when sending the trigger puise. 


The linearity of scanning was checked in the following manner. The 
pulse sent to the event plates was delayed by cable sections of different 
length. Experimental points of the characteristic between the distance 
from the edge of the screen of the electron-beam oscillograph to the begin- 
ning of the pulse and electrical length of the delaying cable fitted well 
on a straight line. Judging from these data the nonlinearity of the scan- 
ning did not exceed a few percent. 


Fast scamnings may be obtained with the use of commutation character- 
istic of a spark discharger or thyratron. In doing s0, the time plates are 
connected through the separation capacitances parallel to the comnutating 
device or resistances onto which the capacitances discharge through the 
commutating devices. In the latter case, the leading edge of the pulses 
appearing on the resistances ig. used for scanning. As shown in the pre- 
ceding chapters, pulses with a length of the leading edge of 10719 to 10-9 
sec are obtained with the aid of spark dischargers. The use of these pulses 


will make it possible to obtain scannings with a time on the screen of 1079 
sec and less. 


L. S. Bartenev, G. V. Glebovich and K. N. Ptitsyn /1i8/ described a 
high-speed oscillograph. The time-base circuit includes a shaping capacitance 
of 0,013 microfarads, a tetrode as a commutator, and two lines. Upon sond- 
ing a trigger pulse through the transformer to the grid of the tetrode the 
latter is triggered and the shaping capacitance discharges onto one of the 
connected lines. A pulse with an amplitude of 3 kv, duration of 50 nanosec- 
onds and 2 length of the leading edge tp=15 nanoseconds is shaped in this 
process. A delay cable RKZ-400 providing the necessary delay of the initia- 
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tion of the time base. To obtain the fastest scanning the pulse is sent 

to an artificial line with nonlinear inductances. The principle of opera- 
tion of the artificial line is described in Par. 3.3. A pulse with an 
amplitude of 2.8 kv and trp=l.7 nanoseconds is obtained at the output of the 
line. Balanced voltage is cbtained owing to the grounding of the center 
tap of a matching resistance inserted at the end of the line. An important 
component of oscillograrhic tube is the installation of a diaphragm with 

a slit behind the deflecting systems. Owing to this, the necessary portion 
of the leading edge of the pulse arriving at the time plates is selacted for 
the time base. The remaining portion of the leading edge of the pulse is 
cut off by the diaphragm and in doing so the screen is not lit up. Owing 
to the transit factor in PY the above-mentioned pulse with a steep leading 
edge acquires nonlinear sections at the beginning and at the top. Thare- 
fore, only a linear section with a drop of 1 kv is utilized out of the en- 
tire pulse. Owing to the stabilization of all. supply voltages and design 
measwres it was possibie to reduce the scamming instability to 1.5 ° 10-1. 
sec. Using the uscillograph described it was possible te record a pulse 
with a duration of the leading edge of 1 nanosscond, which occupied the 
greater portion of the screen. 


In recording single processes the synehronization of the oscillograph 
and of the ovent must ensure the event's reaching a specified region of the 
screen. It is difficult to provide proper synchrunization when recording 
periodically repeating pulses. In this process, the spread in tha appear~ 
ance of separate pulses on the time axis must not exceed the width of the 
spot on the screen. 


The method of synchronijing the oscillograph and the process being 
investigated depends on the controllability or uncontrollability of event. 
In the latter case the instant of action of the pulse being investigated 
on the PYa has to be delayed for the period of operation of the oscillograph 
circuit. In doing so, it is important that the operating time of the oscillo- 
graph circuit be stable and shcrt as far as possible since distortions of an 
event in the cable increase with the length of the latter. In this sense, 
tubes with secondary electron emission are preferable in comparison with 
thyratrons. 





Different methods of synchronization are employed when recording 
controllable processes, A high-voltage testing apparatus in which several 
types of synchronization_of the events and electronic oscillograph were tested is 
described in the mrk /1307 (Figure 6.8). The apparatus contains a GIN using 
Arkad'yev-Marks circuit and generating a voltage of up to 1,100 kv, an active 
voltage divider, a shielded room with electronic oscillograph, and a gener- 
ator for triggering the GIN and oscillograph. Three types of synchroniza- 
tion were invastigated. 


1. Light Synchronization. A trigger generator was used in this 
case. A treakdown of the discharger P, takes place upon energizing ths 
solenoid. In this process, Co discharges onto Ry and the pulse which 


- 152 - 











Figure 6.8. Circuit diagram of a high-voltage 
apparatus for investigating discharger breakdown: 


D — motor; G — generator; IV — insulated shaft; 

L -- lens; L -- FEU /photoeloctronic multiplier/$; 

2 — amplifier; 3 — O-L5 microsec triggering de- 

lay;  — time-base unit; 5 — 10=the object being 
investigated; 6 — DN=voltage divider; 7 — network; 

8 — P=dischargers; 9 — to the EO /electronic oscillo- 
graph/; T — step-up transformer; V —~ rectifiers; 

K — delay cable. 


appears brings about the breakdown of Po. The luminescence of the spark 
in Pp reaches through the lens L a photoelectronic multiplier placed in a 
shielded room. Tha pulse from the output of FEU /photoelectronic multi- 
plier/ is amplified and triggers the electronic oscillograph. After the 
breakdown of P, the potential of the center electrode in the three-elec- 
trode discharger P3 of the GIN drops to zero in 0.); microsecond. This 
brings about the operation of P3 and GIN. This synchronization provided 
a maximum spread of not more than 0.1 micresecond,. 


2. Delay-Cable Installation. A pulse arriving from the divider 
triggered the oscillograph and was sent through a 0.l-microsecond deley 
cable to the event plate. Very stable synchronization resulted. Hcwever, 
delay cable brings about an attenuation of the pulse amplitude by 18 per- 
cent. 
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3. Triggering of Oscillograph from GIN. ifter the breakdown of P3 
a voltage pulse appears at the point A, which was sent through a resistance 
and triple-shield cable to the oscillograph and triggered it. The time 
spread in the appearance of the pulse on the oscillografh screen is smaller 
than in the first case. However, undesirable oscillations were induced on 
the leading edge of the pulse on the oscillograph screen in this type of 
synchronization. Therefore, the authors of /130/ selected the first type 
of synchronization. 


An attempt was made in the work /T30/ to get rid of various induc- 
tions which appear with the voltages of hundreds and thousands of kjilovolts. 
Oscillograph is in a separate room with double shielding. Tne cable running 
from the divider to tne oscillograph has three shields connected together 
and grounded at the place of connection to the divider. Two external shields 
are connected respectively to the shields in the room and the inner shield 
— to the housing of the oscillograph. Power for the oscillograph was s- 
plied from a motor-generator with the generator being in the shielded room 
and the motor -=  utside the room. The generator and motor are connected 
by a shaft made of electroinsulation material. Displacement of zero line 
and distortion of the droop during the breakdown of the discharger being 
tested were discovered when supplying the oscillograph from a separation 
transformer. 


The grounding of the entire apparatus was done at the location of 
the object being tested. In the absence of a separate ground connection 
the shielded room acquired a potential of up t- 35 kv during the operation 
of GIN. Therefore, the shielded room was connected by a separate conductor 
to the common ground. This did not affect the quality of oscillographic 
recording. 


To reduce the effect of currents flowing in the grounding conductors 
on the quality of oscillographic recording the floor of the high-voltage 
room was sometimes fi97 covered with metal sheets or metal netting which 
are reliably grounded, and the obj3cts to be grounded are connected by 
means of short conductors to the grounded floor. 


G. A. Vorob'yov, A. I. Golynskiy and G. S. Korshunov suggested a 
method of oscillographic recording (see Figure 6.7c) of the leading edge 
of a high-voltage pulse moving cver a cable /I150/. The pulse being in- 
vestigated is sent by means of DN II to the event plates FYa, and the volt- 
age taken off from DN IZ is sent through a certain impedance Z to the time 
plates. Thus, voltage appears on tho PV sconer than on PYa by a time de- 
termined by the length cf the cable 4. Stability of this type of synchro- 
nization depends on the properties of the cable and is very high. This is ‘ 
especially important when recording pulses that are repeated at a high rate. 
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